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Otolith organs of the inner ear are innervated by two parallel afferent
projections to the brainstem and cerebellum. These innervations were
proposed to segregate across the line of polarity reversal (LPR) within each
otolith organ, which divides the organ into two regions of hair cells (HC) with
opposite stereociliary orientation. The relationship and functional signiﬁcance
of these anatomical features are not known. Here, we show regional expression
of Emx2 in otolith organs, which establishes LPR, mediates the neuronal segregation across LPR and constitutes the bidirectional sensitivity function.
Conditional knockout (cKO) of Emx2 in HCs lacks LPR. Tmie cKO, in which
mechanotransduction was abolished selectively in HCs within the Emx2
expression domain also lacks bidirectional sensitivity. Analyses of both
mutants indicate that LPR is speciﬁcally required for mice to swim comfortably
and to traverse a balance beam efﬁciently, but LPR is not required for mice to
stay on a rotating rod.

Falls are a leading cause of injury and death in the elderly population
(Center for Disease Control and Prevention) and prevention treatments are limited. A better understanding of how vestibular information is being processed normally at the level of the inner ear and brain
will help to design better strategies for prevention. The vestibular
system of the mammalian inner ear consists of ﬁve major sensory
organs. There are two otolith organs, the utricle and saccule, housing
the sensory epithelium macula to detect linear acceleration (Fig. 1a, ut,
sac), and three ampullae housing the crista to detect angular acceleration (Fig. 1a, ac, lc, pc). Each sensory organ exhibits regional

specializations such as the striola in maculae and the central zone in
cristae1,2. Speciﬁc functions attributed to these regional differences are
just beginning to be realized3,4. For example, it has been demonstrated
that the striola is required for detecting transient linear accelerations
based on vestibular evoked potential (VsEP) measurements in mice,
yet the lack of striolar and central zones do not appear to affect a
mouse’s ability to swim5.
Another specialization in the maculae is the line of polarity
reversal (LPR), across which the stereociliary bundles (hair bundles) of
sensory hair cells (HCs) are oriented in opposite directions (Fig. 1b)6,7.
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Fig. 1 | The afferent neuronal innervation pattern is segregated across the LPR
in the mouse maculae. a Schematic of the segregated neuronal innervation pattern in maculae but the location of the segregation border is unclear. b Schematic
illustrating the border of Emx2 expression domain (green) demarcates the LPR in
maculae. A directional stimulus (arrow in inset) across the LPR simultaneously
activates and inhibits two different groups of HCs. c, d Emx2 lineage domain (green)
in the utricle (c, c’, n = 2) and saccule (d, d’, n = 2) of Emx2cre/+; RosatdTomato inner ears,
which encompasses HCs with opposite hair bundle orientation from the rest of the
macula based on anti-β spectrin staining (magenta). The location of the tallest rod
of the bundle, the kinocilium, is devoid of anti-β spectrin staining54. The border of
the lineage domain demarcates the LPR (yellow dotted line). e–h” Neuronal tracing
using NeuroVue® Red (magenta)- and NeuroVue® Maroon (green)-soaked ﬁlter
papers inserted into the brainstem and cerebellum of hemi-sectioned heads of

wildtype (e–e”, g–g”, WT) and Emx2cre/+; RosatdTomato (f–f”, h–h”) embryos at E16.5,
respectively. Neurons projected to the brainstem (e’, g’, magenta) and cerebellum
(e”, g”, green) are segregated in the utricle (e, n = 5) and saccule (g, n = 3). White
dotted line roughly separates most of the green and magenta dye labels. Limited
dye labeling from the brainstem (f’, h’, magenta) is evident in the Emx2 lineage
domain (f”, h”, green) of the lateral utricle and inner saccule (f, n = 2; h, n = 2). White
asterisk in e–e” and g–g” represents regions that show mixed labeling of both dyes
that has been described previously16. White asterisk in h–h” represents a
dorsal–posterior region of the saccule and where Emx2 lineage domain expands
beyond the LPR13, where the two dye labels overlap (g–g”, white asterisk). ac
anterior crista, lc lateral crista, pc posterior crista, sac saccule, ut utricle. Orientation: D dorsal, L lateral, P posterior. Scale bar = 100 μm in c–h; 25 μm in c’, d’.

This LPR of the maculae is conserved from ﬁsh to human6,8–14 although
little is known about its function. Given hair bundle orientation of HC
confers the cell’s directional sensitivity10,15, the LPR presumably generates additional directional sensitivity to linear acceleration. Based on
the position of the LPR within the maculae, any directional stimulus to
a macula is likely to generate an activation and inhibitory signal
simultaneously (Fig. 1b). The integration of these signals for vestibular
functions is not known.

Notably, neuronal ﬁber tracing studies using lipophilic dyes have
demonstrated that the vestibular neurons that innervate each macula
are regionally segregated with different central projections to either
the uvula and nodulus of the cerebellum or vestibular nuclei in the
brainstem (Fig. 1a)16. This segregation at the macula begins at
embryonic day (E) 14.5, established by E15.5, and persisted when
examined at postnatal day (P) 2114. Although there are obvious functional implications, it is not known whether the peripheral innervation
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pattern is segregated across the LPR since dye-traced samples are not
compatible with immunostaining pre- or post-dye labeling.
Previously, we have shown that the transcription factor Emx2
mediates the LPR formation. The restricted expression of Emx2 to the
lateral region of the utricle and the inner region of the saccule causes
hair bundle reversal within its expression domain and thus generates
the LPR (Fig.1b)13. This function of Emx2 is conserved as it mediates
hair bundle reversal in HCs of neuromasts in the zebraﬁsh lateral line
system13,17,18. Notably, Emx2 expression in HCs of the neuromast also
regulates the selection of the innervating neurons19. Whether Emx2 is
required for neurons to innervate macular organs in a regionally segregated manner in the mammalian vestibular system is not known.
In this study, we asked whether the neuronal innervation pattern
in the maculae is indeed segregated across the LPR. Our results show
that Emx2 mediates bidirectional sensitivity on two levels, hair bundle
orientation in HCs and neuronal selection by HCs and supporting cells.
Furthermore, we investigated the functional signiﬁcance of the bidirectional sensitivity by generating two mutants: Emx2 conditional
knockout mice (cKO), which lacks the LPR and Emx2cre; TmieF/−
(Tmie cKO), in which the LPR is present but mechanotransduction of all
HCs within the Emx2 expression domain failed. Behavioral results from
both Emx2 cKO and Tmie cKO indicate that the bidirectional sensitivity
of maculae is required for challenging vestibular functions such as
traversing efﬁciently on a narrow balance beam and swimming
comfortably.

Results
Afferent innervation in normal maculae is segregated across
the LPR
Innervations of vestibular afferent neurons in the maculae are segregated based on their central projections (Fig. 1e–e”, g–g”)16. In normal
maculae, NeuroVue® Maroon dye from the cerebellum labels the lateral utricle (Fig. 1e, e”, green color) and inner saccule (Fig. 1g, g”, green
color), whereas NeuroVue® Red from the brainstem labels the medial
utricle (Fig. 1e, e’, magenta color) and outer saccule (Fig. 1g, g’,
magenta color). Emx2 reverses hair bundle orientation in the maculae
and the border of the Emx2 lineage domain demarcates the LPR
(Fig. 1c, c’, d, d’, yellow dotted line)13. Both Emx2 expression or its
lineage domain (Fig. 1f, f”, h, h”, converted to green color)13 appears to
coincide with dye tracing from the cerebellum in the lateral utricle
(Fig. 1e, e”, green color) and inner saccule (Fig. 1g, g”, green color). To
determine whether the afferents segregate at the LPR, we conducted
neuronal tracing from the brainstem in Emx2cre; RosatdTomato embryos at
E16.5, in which the Emx2 lineage domain is tdTomato-positive. The
border of the tdTomato reporter domain demarcates the LPR without
the need of immunostaining. We found that the Emx2 lineage domain
(Fig. 1f, f”, h, h”, green color) was complementary to dye labeling from
the brainstem in the medial utricle (Fig. 1f, f’, magenta color) and outer
saccule (Fig. 1h,h’, magenta color). These results indicate that normal
afferent neurons are segregated across the LPR in the maculae and
neurons that innervate HCs within the Emx2 domain project to the
cerebellum, whereas those that innervate HCs outside of the Emx2
domain project to the brainstem.

Afferents projecting to the cerebellum fail to reach Emx2 KO
maculae
The segregation of neuronal innervation pattern across the LPR in
maculae prompted us to ask whether Emx2 is required for neuronal
segregation, and we compared neuronal dye-tracing between control
and Emx2 KO maculae (Fig. 2 and Supplementary Fig. 1). In control ears,
dyes reached the sensory epithelium of the maculae and cristae after
7 days of incubation. NeuroVue® Maroon delivered to the cerebellum
labeled the cristae and Emx2-positive—lateral utricle and inner saccule
(Fig. 2a–b” and Supplementary Fig. 1a, green) and NeuroVue® Red
delivered to the brainstem labeled the cristae, medial utricle, and outer
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saccule (Fig. 2a–b” and Supplementary Fig. 1a, magenta). Some of the
nerve ﬁbers in the sensory epithelium of the utricle appeared vacuolated and they were likely to be the labeled-calyces surrounding cell
bodies of Type I HCs1,20 (Fig. 2b’, b”, yellow arrowhead and insets).
However, NeuroVue® Maroon dye from the cerebellum (green), which
normally reaches the lateral utricle and inner saccule was much
reduced in Emx2 KO maculae (Fig. 2c–d” and Supplementary Fig. 1b),
even though this dye reached the anterior crista (does not normally
express Emx213) in a similar manner to controls (Fig. 2a, c, white
arrowheads). By contrast, in Emx2 KO utricles, dye-labeling from the
brainstem was expanded into the lateral region of which is normally
innervated by neurons that project to the cerebellum. These ectopic
brainstem ﬁbers showed similar vacuolated pattern in the lateral
region (Fig. 2d’, yellow arrowhead and inset) as controls (Fig. 2b’, b”),
suggesting that the ectopic brainstem ﬁbers reached the sensory epithelium in a comparable manner to the endogenous cerebellumprojected ﬁbers (Fig. 2e, f).
Although it is difﬁcult to determine whether the brainstem afferents reached the lateral edge of the sensory epithelium of Emx2 KO
utricles in the dye-traced specimens, Tuj1 staining of similar utricular
sections showed comparable presence of nerve ﬁbers in the lateral
region of control and mutant utricles (Supplementary Fig. 2). These
results suggest that in Emx2 KO maculae, neurons that project to the
brainstem indeed have their peripheral branches reaching the lateral
edge of the utricle replacing the nerve ﬁbers of neurons that normally
project to the cerebellum centrally. In support of the results observed
in utricles, dye traced from the brainstem also expanded into the
innermost region of the Emx2 KO saccule (Supplementary Fig. 1, white
asterisk). Together, these results suggest that normal Emx2 expression
domain in the lateral utricle and inner saccule promotes peripheral
targeting of vestibular neurons, which project their central ﬁber to the
cerebellum.

Induction of apoptosis in vestibular ganglion of Emx2 KO
Next, we addressed whether the lack of peripheral targeting of vestibular neurons in the Emx2 KO affected neuronal survival. Since the
identity of the neurons that normally innervate HCs within the Emx2
domain is not known, we assessed overall activated caspase-3 positive
cells in the vestibular ganglion between E16.5 and E18.5 (Supplementary Fig. 3). We found signiﬁcantly more active caspase-3-positive cells
in the vestibular ganglion of Emx2 KO in each of these ages compared
to controls (Supplementary Fig. 3), suggesting that some of the
afferent neurons that normally project to the cerebellum were
undergoing apoptosis most likely because of their failure to reach their
peripheral targets.

Mild disruption of neuronal segregation pattern in Emx2 cKO
utricles
Since Emx2 expression spans from luminal to basal side of the sensory
epithelium13,21, we addressed whether Emx2 expression in HCs alone is
required for establishing both hair bundle orientation and neuronal
selectivity by using Gﬁ1cre22, a HC-speciﬁc cre strain and a ﬂoxed allele
(F) of Emx2 (Fig. 3). Compared to controls (Fig. 3a, a’), hair bundles in
the lateral region of Gﬁ1cre; Emx2F/− (Emx2 cKO) utricles where Emx2 is
normally expressed were reversed and there was no LPR (Fig. 3b, b’, f).
However, the neuronal innervation pattern in Emx2 cKO utricles
remained largely segregated except for the border separating the two
dyes was not as well demarcated as in controls (Fig. 3c, d).
To quantify the extent of this neuronal disruption in the utricle,
the intensities of dyes from the cerebellum (cb) over total signals from
both cerebellum and brainstem (cb + bs, see “Methods”) were compared using z-stacks of confocal images from three representative
regions along the anterior–posterior axis of the control and mutant
utricles (Fig. 3e, dotted lines in schematic). Each of the selected sensory regions was further divided into three equal regions with the
3
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Fig. 2 | Failure of cerebellar afferent neurons to reach Emx2 KO maculae. a–b”,
c–d” Neuronal tracing with NeuroVue® Red (magenta)- and NeuroVue® Maroon
(green)-soaked ﬁlter papers inserted into the respective brainstem and cerebellum
of hemi-sectioned heads of control (a–b”) and Emx2 KO (c–d”) at E16.5. b, d are
higher magniﬁcations of the maximum-intensity projection images of a, c. b’, b”,
d’, d” are z-stack images of areas indicated with yellow dotted lines in
b, d, respectively. In control, dye traced from the cerebellum (green) is segregated
to the lateral region of utricle (b’, b”, white dotted bracket), whereas tracing from
the brainstem is largely restricted to the medial utricle (a, n = 5). Dyes from both
cerebellum and brainstem reached the sensory epithelium with some appeared

vacuolated, which are likely due to surrounding bodies of HCs (b’, b”, yellow
arrowheads, see insets). In Emx2 KO utricles (c, n = 7), dye traced from the cerebellum (green) is much reduced and failed to reach the lateral utricle, whereas this
region is ﬁlled with dye traced from the brainstem (magenta), some of which show
a vacuolated appearance (d’, yellow arrowhead, inset), similar to controls (b’, b”).
White arrowheads in a, c point to dye from the cerebellum reaching the anterior
crista in both control and Emx2 KO ears. e, f Schematic summary of hair bundle
orientation and afferent neuronal innervation pattern in control and Emx2 KO
utricles. Anterior crista (ac), lateral crista (lc), and utricle (ut). Scale bar = 100 μm
in a–d.

lateral one-third deﬁned as the lateral region (area #1, 4, 7) and the
middle one-third as the intermediate_medial region (intermed_med,
areas #2, 5, and 8) and medial one-third as the medial region (areas #3,
6, and 9). Since the exact position of the LPR could not be determined
easily in these dye-traced specimens, we reasoned that there should be
a signiﬁcant decrease in the relative cb signal between the lateral and
its corresponding intermed_medial region if this assignment of lateral
and medial regions across the LPR was correct.
To investigate this hypothesis, we performed multiple linear
regression analysis to elucidate the relationship between cb signals and
explanatory variables region and genotype (see “Methods”). Four mixed
control utricles were selected for this analysis and the variability of their
dye labeling are illustrated in Supplementary Fig. 4. The linear regression model explained a signiﬁcant amount of variance in the value of the
cb signal (F(5,84) = 53.08, R2 = 0.76, Adjusted R2 = 0.75, p < 2.2E−16) and
the analysis showed that there was a consistent decrease in the cb
signals between the lateral regions and the adjacent intermed_medial
(β = −0.59, 95% CI [−0.73, −0.46], s.e. = 0.068, p = 1.5E−13) or the medial
regions (β = −0.67, 95% CI [−0.80, −0.53], s.e. = 0.068, p = 1.2E−15) in
both the control and Emx2 cKO utricles (Fig. 3e and Supplementary
Note 1). These results indicated that our assignment of lateral and
medial regions was reasonable and the neuronal segregations between
cKO and control utricles were similar. The cb signal appeared to
increase in the Emx2 cKO utricles compared to controls, but it was only
signiﬁcant in the intermed_medial region (signiﬁcant interaction term,
intermed_medial: Gﬁ1Cre; Emx2F/− (Fig. 3e and Supplementary Note 1),
β = 0.18, 95% CI [0.0076, 0.35], s.e = 0.087, p = 0.041; Kruskal–Wallis
H(1) = 9.82, p = 1.7E−03). These results conﬁrmed the imaging results
that the neuronal segregation in Emx2 cKO was largely similar to

controls except with disruption occurring at the border where the two
types of neurons normally segregate (Fig. 3f).
Furthermore, these results suggest that while Emx2 expression
in the HCs regulates proper neuronal targeting in the maculae, the
source of Emx2 in the supporting cells is likely to be required for this
function as well. In that regard, we tried two cre lines for supporting
cells, Gfapcre 23 and PlpcreER 24,25, but neither of these lines conferred
reasonable cre reporter expression in supporting cells of the lateral
utricle. Short of an effective cre line targeting supporting cells, the
role of supporting cells in neuronal targeting cannot be addressed
directly. Nevertheless, the mild disruption of neuronal phenotype
but complete penetrance of the hair bundle phenotype in Emx2 cKO
suggests that the regulation of neuronal innervation and hair bundle
orientation by Emx2 may be independent of each other.
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Ectopic Emx2 disrupts neuronal segregation in the utricle
Since endogenous Emx2 regulates the neuronal innervation in the
maculae, we asked whether ectopic expression of Emx2 across the
maculae affects the innervation as well. Compared to controls
(Fig. 4a, a’), ectopic expression of Emx2 in the sensory epithelium of
Sox2creER; RosaEmx2 embryos by administering tamoxifen at E13.5
reversed hair bundle orientation in the medial utricle without
affecting hair bundle orientation in the endogenous Emx2 domain
(Fig. 4b, b’, white arrows abnormal orientation)13. However, this effect
was much diminished when tamoxifen was administered at E15.5
(Fig. 4c, c’, white arrows abnormal orientation)13. By contrast, the
neuronal innervation pattern appeared equally affected when Emx2
was activated with tamoxifen administration on either E13.5 or E15.5
(Fig. 4d–f).
4
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Fig. 3 | Minor disruption of neuronal innervation pattern in HC-speciﬁc Emx2
KO. a–b’ Hair bundle orientation across the LPR (yellow dotted line) of control
(a, a’) is missing in the Emx2 cKO. Hair bundle orientation in the lateral region of
Emx2 cKO utricles is similar to its medial region (b, b’, yellow arrows, n = 4) and is
reversed from the lateral region of controls (a, a’, white arrows, n = 4). c, d Neuronal
dye tracing from the cerebellum (green) and brainstem (magenta) are not well
segregated in the Emx2 cKO utricles (d, n = 9) as in controls (c, n = 5). e Boxplot
showing the quantiﬁcation of the cb signal from the cerebellum over total signals
from cerebellum and brainstem using z-stacks of confocal images in nine selected
regions according to the “Methods” section. In control utricles, the relative cb
signal is signiﬁcantly higher in the lateral utricle (areas #1, 4, and 7) than the
intermediate_medial (areas #2, 5, and 8) and the medial region (areas #3, 6, and 9)
(Dunn’s pairwise tests, z = 3.83, p = 2.6E−04; z = 4.45, p = 2.5E−05). Similar decrease

in relative cb signal was observed from lateral to intermediate-medial and the
medial regions of Emx2 cKO utricles (Dunn’s pairwise tests, z = 3.57, p = 7.1E−04;
z = 5.90, p = 1.1E−08). However, the relative cb signal in the intermed_medial region
is higher in Emx2 cKO utricles, compared to control (Kruskal–Wallis H(1) = 9.82,
p = 1.7E−03). Controls, n = 4; Gﬁ1Cre; Emx2F/−, n = 6. The two-sided Kruskal–Wallis
rank-sum test and two-sided post hoc Dunn’s pairwise comparison tests were
applied. In boxplots, boxes represent the interquartile range (IQR), and the thick
lines inside show the median. Whiskers denote the lowest and highest values within
1.5 times the IQR. f Schematic summary of hair bundle orientation and afferent
neuronal innervation pattern in control and Gﬁ1CreEmx2F/− (Emx2 cKO) utricles.
Gﬁ1Cre; Emx2F/− utricles show uni-directional HCs and mild disruption of the neuronal innervation pattern, compared to controls. Scale bar = 100 μm in a–d; 25 μm
in a’–b’. Source data are provided as a Source data ﬁle.

To be able to compare the extent of the neuronal phenotypes
among the various mutant strains, we compared the relative cb signal
of the Sox2creER; RosaEmx2 utricles treated with tamoxifen at E13.5 or E15.5
against the same selected controls used for the Emx2 cKO (Fig. 3e and
Supplementary Fig. 4, see “Methods”). If ectopic Emx2’s effect on
neuronal innervation is similar to its effect on hair bundle orientation13,
one would expect the relative cb signal to increase in the medial region
but remain relatively normal in the lateral region. In contrast, compared to controls, our results showed that the cb signal was affected in
the entire utricle: a signiﬁcant decrease of cb signal in the lateral region
and increase in the intermed_medial region of mutants regardless of
the age of tamoxifen injection (Fig. 4g and Supplementary Note 2). As a
result, the normal decrease in cb signal from the lateral to intermedmedial regions observed in controls was not observed in Sox2creER;
RosaEmx2 utricles (Fig. 4g and Supplementary Note 2). These results
indicate that ectopic Emx2 has a longer time window on changing
afferent neuronal innervation than changing hair bundle orientation
(Fig. 4h), and further suggests that these two effects of Emx2 are
independent from each other.

supporting cells could disrupt neuronal innervation by using a HCspeciﬁc and a supporting cell-speciﬁc cre strain, Gﬁ1Cre and PlpCreER,
respectively. While ectopic expression of Emx2 in HCs (Fig. 5b, b’)13 but
not supporting cells reversed hair bundle orientation (Fig. 5c, c’), both
mutant strains showed disrupted neuronal innervation pattern (Fig. 5e,
f), compared to controls (Fig. 5a, a’, d). The normal decrease in cb
signal between lateral and intermed_medial region was only signiﬁcant
in PlpCreER; RosaEmx2 and not Gﬁ1Cre; RosaEmx2 utricles treated with
tamoxifen at E13.5, suggesting that the neuronal disruption by ectopic
Emx2 is more severe in HCs than supporting cells. Compared to controls, both Gﬁ1Cre; RosaEmx2 and PlpCreER; RosaEmx2 utricles did not show a
signiﬁcant difference in cb signals in the lateral regions but an increase
in cb signals in the intermed_medial and medial regions (Fig. 5g and
Supplementary Note 3), indicating that the afferents were primarily
affected in the medial regions. While the difference in hair bundle
polarity phenotype observed between the two ectopic Emx2
mouse mutants (Fig. 5b, b’)13 supported the notion that the
intended cell type was being targeted by the respective Gﬁcre and
PlpcreER strain, we cannot preclude the possibility that other ectopic
source(s) of Emx2 such as the brain and glial cells surrounding the
vestibular nerve could confound the observed neuronal
phenotype22,25. Nevertheless, the ability of ectopic Emx2 in either
HCs or supporting cells in disrupting afferent neuronal innervation further distinguishes this role of Emx2 from its role in altering
hair bundle orientation, which is required in HCs autonomously
(Fig. 3b, b’).

Emx2 in both HCs and supporting cells regulate afferent
innervation
The lack of a good cre strain for the supporting cells within the Emx2
domains negates the use of a conditional knockout approach to assess
the role of supporting cells in regulating neuronal innervation. Thus,
we asked whether ectopic expression of Emx2 selectively in HCs or
Nature Communications | (2022)13:6330
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Fig. 4 | Ectopic Emx2 expression disrupts afferent neuronal segregation pattern independent of hair bundle orientation in the utricle. a, a’ Anti-β spectrin
antibody (red) staining of a control utricle showing hair bundles in the medial
region pointing towards the lateral (a’, yellow arrows, n = 4). Compared to the
control, Sox2CreER; RosaEmx2 utricle administered with tamoxifen (TM) at E13.5 (b)
shows mostly reversed hair bundle orientation in the medial region (b’, white
arrows, n = 4) but TM administration at E15.5 (c) resulted in largely normal hair
bundle orientation (c’, yellow arrows, n = 4) with a few HCs showing opposite
orientation (white arrows). d–f Segregated afferent innervation of control (d, n = 5)
is disrupted in Sox2CreER; RosaEmx2 utricles administered with TM at E13.5 (e, n = 10)
and E15.5 (f, n = 7). g The relative cb signal was signiﬁcantly lower in the lateral
region (Dunn’s pairwise tests, control vs. E13.5, n = 5, z = 2.59, p = 0.015; control vs.
E15.5, n = 4, z = 3.04, p = 0.007) but higher in the intermed–medial region of

Sox2CreER; RosaEmx2 utricles treated with tamoxifen at E13.5 or E15.5 when compared
to controls (n = 4) (Dunn’s pairwise tests, control vs. E13.5, z = −3.0, p = 0.008;
control vs. E15.5, z = −2.23, p = 0.039). Thus, the decrease in cb signals between the
lateral and intermed_medial regions were not signiﬁcant in Sox2CreER; RosaEmx2 utricles administered with tamoxifen at either E13.5 or E15.5 (Dunn’s pairwise tests,
E13.5, z = 1.21, p = 0.23; E15.5, z = 1.90, p = 0.12). The two-sided Dunn’s pairwise
comparison tests were applied. In boxplots, boxes represent the interquartile range
(IQR), and the thick lines inside show the median. Whiskers denote the lowest and
highest values within 1.5 times the IQR. h Schematic summary of hair bundle
orientation and innervation pattern in control and Sox2CreER; RosaEmx2 utricles and
cristae administered with tamoxifen at E13.5 or E15.5. Scale bar = 100 μm in a–c, d–f;
25 μm in a’–c’. Source data are provided as a Source data ﬁle.

Normal neuronal innervation in Tmie cKO

stereocilia (Fig. 6d), was absent in the entire Gﬁ1Cre; TmieF/− utricles
(Fig. 6e) but was only absent from the Emx2-positive, lateral region of
the Tmie cKO utricles (Fig. 6f, yellow dotted line). Nevertheless, the
neuronal innervation pattern appeared normal in both mutant strains
compared to controls at E16.5 (Fig. 6g–I and Supplementary Fig. 5)
when the innervation pattern was initially established, as well as later at
postnatal day 0 (Fig. 6j–l, P0, Supplementary Fig. 5). These results
suggest that HC activity is not required for establishing the afferent
neuronal innervation pattern in the maculae. Furthermore, Tmie cKO,
which show selective loss of HC functions within the Emx2-positive
domains of the maculae but without detectable defects in the neuronal
segregation, presents a lack of bidirectional sensitivity model without
a gain of sensitivity to the remaining directional stimuli (see below).

Hair bundle orientation is unidirectional and LPR is absent in maculae
of either gain or loss of function of Emx2 within HCs. The gain-offunction mutant, Gﬁ1Cre; RosaEmx2, shows severe vestibular deﬁcits
presumably due to hair bundle orientation defect in both maculae and
cristae13 as well as innervation defects (Fig. 5e), and these mice die at
early postnatal ages. In contrast, the fully penetrant hair bundle
defects but mild disruption of neuronal innervation pattern in the
viable Emx2 cKO makes it a good model to address the functional
signiﬁcance of the LPR. However, in the Emx2 cKO maculae, the hair
bundle reversal causes a loss of sensitivity to stimuli from some
directions but a concomitant gain of HCs responding to the opposite
directions of stimuli. This gain in HC responses, however, is being
relayed to the cerebellum rather than the brainstem, and the responses
are opposite to what would be received by the cerebellum of controls
from the same directional stimulus (see below). Thus, it may be difﬁcult to discern whether the behavioral deﬁcits observed in this mutant
strain necessarily represents a loss of function. Therefore, we utilized
Tmie to engineer another mouse without LPR function. Tmie encodes a
protein that is required for mechanotransduction channel assembly
and function in HCs26,27, and mutations of this gene are associated with
human deafness28. Thus, in Tmie cKO (Emx2cre; TmieF/−), the LPR is
present but HCs within the Emx2-positive domain are rendered nonfunctional leaving other HCs in the inner ear intact. As a control, we
also engineered a sensory organ-wide knockout of Tmie using Gﬁ1cre,
which affected mechanotransduction channels in all HCs of the inner
ear. Both the Tmie cKO and Gﬁ1Cre; TmieF/− utricles showed a regionappropriate loss of Tmie transcripts in the lateral and the entire utricle,
respectively (Fig. 6a–c’). FM 1-43 dye uptake, which quickly enters HCs
via the mechanotransduction channels at the tips of short-row
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Bidirectional sensitivity facilitates speciﬁc vestibular functions
While the Gﬁ1Cre;TmieF/− mice exhibited severe vestibular deﬁcits such
as head bobbing, head tilt and circling phenotypes similar to the Tmie
KO29, both the Emx2 cKO and Tmie cKO mutants appeared normal and
behaved indistinguishably from their littermates in the mouse cage. To
investigate the behavioral consequence of losing bidirectional sensitivity in the maculae, we subjected the Emx2 cKO and Tmie cKO
mutants to the open-ﬁeld test and several challenging vestibular
activities such as staying on a rotating rod, traversing a balance beam,
and forced swimming. Both cKO mutants did not show any hyperactivity in the open-ﬁeld test under dark conditions (Supplementary
Fig. 6). With increasing acceleration of a rotating rod, the controls and
the two mutant strains improved their ability to stay on the rotating
rod over the 3-day trial. While there was a tendency for Tmie cKO to fall
off the rotating rod sooner on the ﬁrst day of trial, they improved on
subsequent trial days and there was no signiﬁcant difference in the
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Fig. 5 | Afferent neuronal segregation pattern in the utricle is affected by
ectopic Emx2 expression in either HCs or supporting cells. a–c’ Anti-β spectrin
staining showing hair bundle orientation in the medial utricle is towards the lateral,
which is reversed in Gﬁ1Cre; RosaEmx2 utricles (b’, white arrows, n = 3) but normal in
PlpCreER; RosaEmx2 utricles (c’, yellow arrows, n = 5). d–f Neuronal dye tracing from the
cerebellum (green) and brainstem (magenta) in control (d, n = 5), Gﬁ1Cre; RosaEmx2
(e, n = 10) and PlpCreER; RosaEmx2 utricles treated with tamoxifen at E13.5 (f, n = 13).
Neuronal dye tracing is not well segregated in Gﬁ1Cre; RosaEmx2 (e) and PlpCreER;
RosaEmx2 utricles (f) as in controls (d). g The reduction in relative cb signal from
lateral to intermed_medial region was not signiﬁcant for Gﬁ1Cre; RosaEmx2 utricles
(n = 8) but signiﬁcant for PlpCreER; RosaEmx2 utricles (n = 10) (Dunn’s pairwise tests,
Gﬁ1Cre; RosaEmx2, z = 1.70, p = 0.09; PlpCreER; RosaEmx2, z = 4.29, p = 3.5E−05). Compared

to controls (n = 4), there was no signiﬁcant difference in the relative cb signal in the
lateral region but a signiﬁcant increase in the intermed_medial and medial regions
of Gﬁ1Cre; RosaEmx2 and PlpCreER; RosaEmx2 utricles (control vs. Gﬁ1Cre; RosaEmx2, intermed_medial, z = -4.45, p = 2.6E−05; medial, z = -3.37, p = 0.0011; control vs. PlpCreER;
RosaEmx2, intermed_medial, z = -2.65, p = 0.012; medial, z = -3.53, p = 0.0013). The
two-sided Dunn’s pairwise comparison tests were applied. In boxplots, boxes
represent the interquartile range (IQR), and the thick lines inside show the median.
Whiskers denote the lowest and highest values within 1.5 times the IQR.
h Schematic of hair bundle orientation and afferent neuronal innervation pattern in
control, Gﬁ1Cre; RosaEmx2 and PlpCreER; RosaEmx2 utricles. Scale bar = 100 μm in a–c, d–f;
25 μm in a’–c’. Source data are provided as a Source data ﬁle.

ability of the two mutant strains to stay on the rotarod among the
3 days of trials, compared to the controls (Fig. 7a).
For testing the ability of mice to traverse a balance beam, a balance
beam located 80 cm above ground was used. All mice tested had no
trouble traversing a 12 mm-wide balance beam. On a 6-mm wide balance
beam, the Tmie cKO showed a delay in traversing an 80 cm distance and
one mutant failed to complete the task (n = 1/21), compared to controls
(Fig. 7b). All but one of the Emx2 cKO mutants completed the task of
moving across the 6-mm balance beam (n = 1/24), compared to controls (Fig. 7b).
In a forced swim test, both mutant strains could swim and did not
need to be rescued from the water. However, compared to controls,
the mutants appeared to be frantic swimmers and they spent more
time in trying to climb out of the water, which was noted independently by ﬁve observers blinded to the genotype. Thus, the percentage
of time a mouse spent swimming vertically was quantiﬁed using the
ForcedSwimScan software and both mutant strains showed a signiﬁcant increase in the climbing time (swimming vertically) during the
1 min trial compared to controls (Fig. 7c). Taken together, these results
indicate that Emx2 cKO and Tmie cKO have subtle but speciﬁc vestibular deﬁcits in water and traversing on a narrow beam. These deﬁcits
are attributed to defects in the otolith organs since Emx2 is not
expressed in the three cristae13, and the normal angular vestibular
ocular reﬂex (aVOR) and optokinetc reﬂex (OKR) in these mutants
support this hypothesis (Supplementary Figs. 7 and 8).

we took advantage of the vestibular evoked potential (VsEP) measurement, which represents summed far-ﬁeld afferent responses to
transient linear accelerations and can be elicited from two different
directions of jerk stimuli from either nasal or occipital direction when
the mouse is mounted in a supine position (Fig. 8a). During the positive
direction of jerk stimulation (i.e., from occipital towards the nasal
direction), both Emx2 cKO and Tmie cKO showed lower amplitudes at
maximal stimulus level (+6 dB re: 1 g/ms) than controls (Fig. 8c, d).
Given both mutant strains showed reduced amplitudes in the positive
direction of stimulation (from occipital towards the nasal direction),
we predicted that under the negative (opposite) direction of stimulation, only Emx2 cKO should show a higher amplitude but no change in
amplitude for the Tmie cKO because only Emx2 cKO has a gain of HC
response to the opposite direction of stimuli (Fig. 8b). The similarity in
amplitudes between controls and Tmie cKO in the negative direction of
stimulus is consistent with our hypothesis. While Emx2 cKO showed an
increase in amplitudes in the negative direction of stimulus compared
to controls, this was not a statistically signiﬁcant increase (Fig. 8c, d).
By averaging both the positive and negative VsEP responses, only Tmie
cKO showed a lower amplitude compared to controls and not when
controls and Emx2 cKO were compared. We interpreted the decrease
in the average amplitude of Tmie cKO but no change in the average
amplitude of the Emx2 cKO to mean that the slight increase in amplitudes in the negative stimulation direction of Emx2 cKO, although not
statistically signiﬁcant, compensated for the reduced amplitudes in the
positive stimulation direction resulting in no net change in amplitudes
when the two directional stimulations were summed. Such a compensation was not observed in Tmie cKO, which showed a decreased
average amplitude compared to controls. Consistently, the lower
amplitudes observed in the two mutant strains in the positive direction

Differential responses to directional jerk stimuli in Emx2 cKO
While Tmie cKO showed delay in moving on the balance beam and
both Emx2 cKO and Tmie cKO struggle in water, it is difﬁcult to ascribe
these complex behavioral deﬁcits speciﬁcally to loss of the LPR. Thus,
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Fig. 6 | Loss of mechanotransduction in HCs of Tmie cKO utricles does not
affect its neuronal segregation pattern. a–c’ Emx2 (a–c) and Tmie (a’–c’) transcripts in sections of Tmie+/− (a, a’, n = 3), Gﬁ1cre; TmieF/− (b, b’, n = 2), and Emx2cre;
TmieF/− (Tmie cKO, c, c’, n = 3) utricles. Tmie transcripts are absent in the entire
sensory epithelium of Gﬁ1cre; TmieF/− utricle (b’) but are absent only in the
Emx2-positive lateral region (a–c, black dotted region) of Emx2cre; TmieF/− utricles
(c’). d–f FM1-43 staining in live utricles of Tmie+/− (d, n = 5), Gﬁ1cre; TmieF/− (e, n = 3),
and Emx2cre; TmieF/− (f, n = 4) inner ears at P0. FM1-43 is present in the entire sensory
epithelium of Tmie+/− (d), absent in Gﬁ1cre; TmieF/− (e) and absent only in the lateral

region of Emx2cre; TmieF/− utricle (f). Outline of the utricular macula is demarcated
with a white dotted line and the lateral region is marked with a yellow dotted line
(d–f). g–l Utricles with dye tracing from the cerebellum (green) and brainstem
(magenta) of TmieF/− (g, n = 2; j, n = 3), Gﬁ1cre; TmieF/− (h, n = 2; k, n = 3), and Emx2cre;
TmieF/− (i, n = 3; l, n = 3) at E16.5 day (g–i) and P0 (j–l). Neuronal tracing from the
cerebellum and the brainstem labeling the respective lateral and medial utricle are
normal among all three genotypes at E16.5 and P0. Scale bar = 200 μm in a, applies
to b, c; 100 μm in a’, applies to b’, c’, and 100 μm in d–l.

of stimulation were correlated with a higher threshold change and no
difference in thresholds in the negative direction of stimulation
(Fig. 8e). Taken together, these VsEP results show that both Emx2
cKO and Tmie cKO lose sensitivity from some directions of stimulation.
Further, there is a gain in the remaining directions of stimulation in
Emx2 cKO that is not present in the Tmie cKO.

Discussion
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The results reported here indicate that Emx2 mediates bidirectional
selectivity of the otolith organs. Emx2 expression in nascent HCs is
sufﬁcient to mediate hair bundle reversal from the default pattern
based on HC-speciﬁc KO of Emx2 results (Fig. 3). In contrast, knocking
out Emx2 in HC alone only has a minor effect on neuronal innervation
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Fig. 7 | Panic swimming for both Emx2 cKO and Tmie cKO but Tmie cKO not
Emx2 cKO showed deﬁcits on balance beam. a Quantiﬁcation of time for mice to
fall off a rotating rod, which accelerated from 5 to 40 r.p.m. over a 5-min period. The
performance of Emx2 cKO and Tmie cKO are similar to controls on all three days of
the trial (control, n = 32; Emx2 cKO n = 17; Tmie cKO n = 13). b Quantiﬁcation of time
required for control, Emx2 cKO, and Tmie cKO to traverse an 80-cm distance on a 6mm-wide beam. Tmie cKO mutants took longer to cross the beam but Emx2 cKO
were normal, compared to controls (control n = 46; Emx2 cKO n = 24; Tmie cKO

n = 21, Emx2 cKO vs Tmie cKO *p = 0.02, control vs Tmie cKO **p = 0.0013).
c Percentages of time mice spent climbing during the 1-min period in water. Emx2
cKO and Tmie cKO spent more time climbing in water, when compared to controls
(control n = 40; Emx2 cKO n = 25; Tmie cKO n = 21; control vs Emx2 cKO ***p = 2.64E
−13 and Tmie cKO ***p = 1.72E−07). In boxplots, boxes represent the interquartile
range (IQR), and the thick lines inside show the median. Whiskers denote the lowest
and highest values within 1.5 times the IQR. The one-way ANOVA with multiple
comparisons was applied. Source data are provided as a Source data ﬁle.

pattern obscuring the clear segregation border between the two types
of vestibular neurons that normally innervate the maculae (Fig. 3). This
minor effect suggests that Emx2 in HCs is not the sole source
responsible for establishing neuronal selectivity, and its expression in
supporting cells is most likely required as well. Notably, ectopic
expression of Emx2 in supporting cells, though not as potent as ectopic
Emx2 in HCs, was effective in disrupting the neuronal segregation
(Fig. 5). Vestibular ﬁbers entering the maculae begin to be segregated
at around E14.516, at which time most HCs have not formed yet30 but
the regional expression of Emx2 in the sensory epithelium is already
well-established21. Together, these results support the hypothesis that
Emx2 within the sensory epithelium/supporting cells guides the initial
spatial segregation of the two types of afferents, namely those that
project to the cerebellum versus brainstem. This segregation is then
reﬁned by Emx2 expression in HCs as they develop. Thus, unlike the
requirement of Emx2 in mediating hair bundle orientation, source of
Emx2 in HCs and most likely supporting cells are required for establishing the proper neuronal innervation pattern in the maculae.
Our results indicate that Emx2 has a cell-autonomous effect on
hair bundle orientation in HCs, whereas its role in neuronal selectivity
is less clear. In Emx2 KO, neurons that project to the cerebellum failed
to reach the sensory epithelium that normally expresses Emx2, and this
region became populated by nerve ﬁbers that project to the brainstem
(Fig. 2). Even though ectopic expression of Emx2 in HCs or supporting
cells alone was not sufﬁcient to inhibit brainstem neurons, it is plausible that the endogenous Emx2-positive sensory epithelium, HCs and
supporting cells collectively, has a direct or indirect effect in excluding
the brainstem neurons.
While the downstream effector(s) of Emx2 for both of its functions in the otolith organs has not been identiﬁed, it is known that posttranslational regulation of Gpr156, a G-protein coupled receptor, by
Emx2 is required for hair bundle orientation establishment31. Thus far,
there is no direct evidence that implicates Gpr156 in the neuronalselectivity function of Emx2 and Gpr156 is only expressed in HCs and
not supporting cells31. Nevertheless, our results indicate that the timing and qualitative requirement of Emx2 in bundle orientation and
neuronal selectivity are different. Ectopic expression of Emx2 in the

maculae at E15.5 has a robust effect on disrupting the neuronal
innervation across the utricle but only a minor effect on reversing hair
bundle orientation in the medial and no effect in the lateral utricle.
Thus, even if Emx2 transcriptionally regulates hair bundle orientation
and neuronal selection via a common mediator, the temporal
requirement of this mediator is different.
Multiple lines of evidence suggest that VsEP is generated by
neurons that innervate the striola. The phase-locking and transient
ﬁring properties of the neurons innervating the striola are postulated
to be the primary candidate in generating a synchronized, reproducible action potential of the VsEP elicited by the jerk stimuli32,33.
Furthermore, the Cyp26b1 cKO lack the striola, and only remnant VsEP
was detectable in these mutants5. Both Emx2 cKO and Tmie cKO
mutants showed a relatively incremental reduction in VsEP amplitudes
compared to the Cyp26b1 cKO. We attributed this small reduction in
VsEP response of the two LPR mutants to a compromised striola
function in the saccule and not the utricle because Emx2 is
partially expressed in the striola of the saccule and not the utricle
(Fig. 1b)13. Thus, the striolar function in the utricle should not be
affected in either mutant. Despite the small changes in VsEP, the two
LPR mutants showed an orientation difference in VsEP response validating the hair bundle arrangement differences between the two
mutants (Fig. 8b).
In principle, a stimulus of a given direction will generate two
concomitant signals—excitatory and inhibitory—at the level of the
maculae, which are in turn transmitted to the vestibular nuclei in the
brainstem as well as the uvula and nodulus of the cerebellum (Figs. 1b
and 8b). While there are known reciprocal connections between the
brainstem vestibular nuclei and vestibular-associated nuclei in the
cerebellum34, it is unknown whether and how signals from the Emx2positive and Emx2-negative regions of the maculae are integrated in
the brain. Recent evidence indicates that primary inputs from the
vestibular organs (include afferents innervating the Emx2-positive
region) and secondary inputs from the vestibular nuclei (include
receiving inputs from afferents innervating the Emx2-negative region)
both converge on different subtypes of unipolar brush cells in the
cerebellum35. Since unipolar brush cells normally converge to the
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Fig. 8 | Reduced amplitudes and increased thresholds of VsEP in Emx2 cKO and
Tmie cKO mice. a Schematic diagram of the apparatus for VsEP measurement
(Reprinted from Jones, T. A. & Jones, S. A. Short latency compound action potentials
from mammalian gravity receptor organs. Hear. Res. 136, 75–85 (1999). Copyright
(1999), with permission from Elsevier). Red arrow indicates the direction of positive
stimulation towards the nose, and the blue arrow indicates the direction of negative
stimulation towards the occipit. b Hair bundle orientation of the maculae and
neural responses to a directional stimulus (large gray arrow) in the utricle of controls, Emx2 cKO and Tmie cKO. c VsEP waveforms at maximal jerk stimulus (+6 dB)
from positive and negative directions of stimulation as well as the average of the
two stimulus directions for controls (black), Emx2 cKO (green) and Tmie cKO (blue).
d Summary of VsEP amplitudes measured at maximal jerk stimulus (+6 dB) of
positive and negative directions of stimulation, and average of the two stimulus
directions. Both mutants show lower amplitudes in positive direction of stimulation

(Control vs Emx2 cKO ***p = 4.04E-06 and Tmie cKO ***p = 8.15E-08), but no difference in negative direction of stimulation, compared to controls. Only Tmie cKO
and not Emx2 cKO show a lower average amplitude compared to controls (Emx2
cKO vs Tmie cKO *p = 0.03, Control vs Tmie cKO ***p = 1.36E-05). e Summary of
thresholds for VsEP determined by various jerk magnitudes. Both Emx2 cKO and
Tmie cKO mice show higher thresholds in the positive direction of stimulus (Control vs Emx2 cKO ***p = 1.02E−05 and Tmie cKO ***p = 1.64E−04) but no signiﬁcant
difference in negative direction of stimulus or average of the two directions stimuli,
compared to controls. Control n = 55; Emx2 cKO n = 26; Tmie cKO n = 35. In boxplots, boxes represent the interquartile range (IQR), and the thick lines inside show
the median. Whiskers denote the lowest and highest values within 1.5 times the IQR.
The one-way ANOVA with multiple comparisons was applied. Source data are
provided as a Source data ﬁle.

granule cells36, this could be one of the locations where inputs from
Emx2-positive and negative regions are combined and integrated.
Without more concrete validation of these possibilities, it is difﬁcult to postulate the underlying cause for the small differences in
vestibular deﬁcits observed between the two LPR mutants. While Tmie

cKO mutants show more difﬁculty in traversing the balance beam,
Emx2 cKO mutants spent more time trying to climb out of the water
during the swimming task (Fig. 7). The bundle orientation and physiological differences of these mutants will provide a valuable tool for
identifying the cellular location(s) where the normal integration of
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these macular inputs to the cerebellum and brainstem takes place.
Take together these corroborative behavioral phenotypes and the lack
of obvious Emx2 expression along the primary neuronal circuitry
responsible for detecting directional sensitivity such as the vestibular
ganglion, the cerebellum and vestibular nuclei in the brainstem37–39
(Allenbrain atlas, https://portal.brain-map.org/explore/overview?
gclid=Cj0KCQjw54iXBhCXARIsADWpsG9QQ6yh36gCEmLK1OG-onQ
SIjfKUaP8xxaQv5FYS8DkPDqALThqOUwaAj-_EALw_wcB), the most
plausible explanation of our results is that the main source of Emx2
that mediates this bidirectional sensitivity lies in the restricted
expression of Emx2 in the maculae.
In addition to its macula input, the cerebellar uvula and nodulus
receive additional sensory inputs34. The integration of maculae, cristae,
visual and other sensory information is thought to underlie the brain’s
representation of spatial orientation40,41. We speculate that the
observed panic behavior in water of Emx2 cKO and Tmie cKO are due
to altered vestibular–extravestibular integration at the level of the
vestibular cerebellum resulting from the lack of a functional LPR.
Interestingly, mutants without a striola, for example Cyp26b1 cKO,
have no measurable VsEP yet do not demonstrate climbing behavior
observed here or other detectable impairments during swimming5.
Thus, these differential requirements of speciﬁc vestibular components in mediating certain behavior point to a regional division of labor
mechanism in sensory processing at the periphery organs.
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was inserted into the cerebellum at the presumptive uvula and nodulus
position. Then, a ﬁlter paper soaked with NeuroVue® Red was inserted
into the brainstem for retrograde tracing of ﬁbers into the vestibular
sensory organs.
To quantify the extent of neuronal segregation in utricles, we
analyzed the sensory epithelium of the utricle using an ImageJ macro.
Brieﬂy, an 8-bit rectangle was drawn on the sensory epithelium of a zstack image taken at ×40 magniﬁcation, in which the relative intensities of red and green signals (y axis) were scored along the x axis from
the lateral to the medial edge of the sensory epithelium. The length of
the sensory epithelium selected (lateral to medial) ranges between
200 and 290 μm in distance and the lateral one-third was considered
as the lateral extrastriolar region (area #1, 4, or 7), whereas the
remaining two-thirds were considered as the medial regions (area #2,
3, 5, 6, 8 or 9). Within each region, relative dye intensity values for each
color (obtained by the (intensity value−background value)/maximum
intensity value) from approximately 583- to 841-pixel lines (each pixel
line = 0.346 μm) were converted into binary scores of either 1 (green)
or 0 (red). Then, the relative cb signal obtained by cb signals divided
by total signals from cerebellum and brainstem (cb + bs), were calculated within each region. To be able to compare the extent of neuronal
disruption among different mutants, we selected four representative
control samples for intensity quantiﬁcation, one Emx2F/+, one Emx2+/−,
and two RosaEmx2/+ utricles, and all mutant analyses were compared
against these four controls.

Methods
Mice

Wholemount immunostaining

All animal experiments were conducted under the approved NIH animal protocols at the NIH (#1212-17), University of Nebraska—Lincoln,
Johns Hopkins University and according to NIH animal user guidelines.
Mice were housed on individually ventilated cage (IVC) racks in a
conventional vivarium on a 12 h/12 h light/dark cycle with temperature
and humidity maintained within the following ranges, 21–24 °C and
30–70%, respectively. Mice of both sexes were used in all the experiments conducted. The Rosa26Emx2 mouse was generated as described
previously13. Other published mouse strains that were used in the study
and their source are as follows: Emx2Cre, maintained in a CD-1 background, was from Shinichi Aizawa at RIKEN Center for Developmental
Biology (RRID:IMSR_RBRC02272)42; Emx2ﬂox (Emx2F)38, maintained in a
mixed C57BL/6J/129 background was from Andreas Zembrzycki at the
Salk Institute; Emx2+/−, maintained in a mixed C57BL/6J and CD1 background, was from Peter Gruss at the Max-Planck Institute
(RRID:IMSR_EM:00065)39; Gﬁ1Cre,maintained in a CD-1 background, was
from Lin Gan at Augusta University, Georgia (PRID:MGI:4430258)22;
Gfapcre (RRID: IRSR_JAX:004600)23, PlpCreER (RRID: IMSR_JAX:005975)25
and Rosa26tdTomato (RRID:IMSR_JAX:007914)43 were from Jackson
Laboratory; Sox2CreER was from Konrad Hochedlinger at Harvard University (RRID:IMSR_JAX:017593)44; and Tmie+/− and Tmieﬂox (TmieF),
maintained in a C57BL6J/129 background, were from Ulrich Müller at
Johns Hopkins University26. The littermates of Emx2 cKO and Tmie cKO
are both in a mixed CD1/C57BL/6J/129 genetic background.

Hemi-sectioned embryonic heads at E16.5 were ﬁxed with 4% paraformaldehyde in PBS at 4 °C overnight. The utricle attached to the
anterior crista and lateral crista were dissected as whole, washed three
times with PBS and then put into blocking solution with PBS containing
4 % donkey serum and 0.2 % Triton-X for 2 h. Then, tissues were
incubated with primary antibodies overnight at 4 °C, followed by
incubation with secondary antibodies (Goat anti-mouse IgG Alexa
Fluor 488, Cat #: A11029 and Goat anti-rat IgG Alexa Flour 568, Cat #:
A11077, Thermo Fisher Scientiﬁc, Waltham, MA) at 1:1000 dilution for
1 h at room temperature after repeated washing with PBS. Samples
were washed extensively again before mounting in ProLong Gold
Antifade (Thermo Fisher Scientiﬁc, Waltham, MA) and imaged with a
Zeiss LSM780 confocal microscope. Primary antibodies of anti-βII
spectrin (1:500; Cat #: 612562, BD Biosciences, San Jose, CA) and rat
anti-tdTomato 16D7 (1:200; Cat #: EST203, Kerafast, Boston, MA)
were used.

Tamoxifen treatment
A stock solution of 1 ml of corn oil from grocery store containing
30 mg tamoxifen (T5648, Sigma Aldrich, St. Louis, MO) and 0.2 mg βestradiol (20 mg/ml of ethanol; E8875, Sigma Aldrich, St. Louis, MO) to
avoid premature abortion of fetuses due to tamoxifen was prepared.
On designated gestation days at noon, pregnant females were gavaged
with the stock solution of tamoxifen at 1 mg/10 g body weight. The
morning of a vaginal plug was considered as embryonic day 0.5.

Lipophilic dye tracing
Neuronal tracing of vestibular neurons was conducted as described45.
Brieﬂy, the head of perfused mouse embryos was hemi-sectioned, and
a piece of ﬁlter paper soaked with lipophilic dye, NeuroVue® Maroon,
Nature Communications | (2022)13:6330

Immunohistochemical staining of cryosections
Cryosections of mouse utricles at 16 μm thickness was processed for
anti-immunostaining as described for wholemount immunostaining.
Primary antibodies used were as follows: mouse anti-beta-III tubulin
(Tuj1) at 1:500 dilution (Cat #: MAB1195, R&D systems, Minneapolis,
MN), rabbit anti-cleaved caspase-3 D175 (activated form of caspase-3)
at 1:300 dilution (Cat #: 9661, Cell Signaling, Danvers, MA) and rabbit
polyclonal anti-Myosin7a at 1:1000 dilution (Cat #: 25-6790, Proteus
Bioscience, Ramona, CA), with secondary antibodies (Goat anti-mouse
IgG Alexa Fluor 488, Cat #: A11029 and Goat anti-rabbit IgG Alexa Flour
568, Cat #: A21069, Thermo Fisher Scientiﬁc, Waltham, MA) at 1:1000
dilution.

BaseScope
To determine the efﬁciency of recombination across the loxP sites in
exon 5 (150 bp) of the Tmie ﬂoxed allele, we conducted RNA in situ
hybridization using BaseScopeTM detection reagents v2 (323910,
Advanced Cell Diagnostics), designed to detect a small sequence of
RNA. BaseScope probes used in this study were a “ZZ” antisense probe
targeted against the Tmie exon 5 sequences, which should be absent in
both the null and loxP allele (842341, Advanced Cell Diagnostics), and a
11
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“ZZ” negative control probe (701021, Advanced Cell Diagnostics). In
situ hybridization experiment was repeated twice.

FM1-43 staining
Fresh utricles were dissected in HBSS (Cat# 14025, Gibco) and mounted on 35 mm glass bottom dishes (P35-0-10-C, MatTek), which were
pre-coated with Cell-tak (354240, Corning) for 3 h or overnight and
dried at room temperature before use. A 5-μM FM1-43 (T35356, Invitrogen) solution, diluted from a stock solution of 2 mM in methanol,
was applied quickly to the mounted tissues for 10 s, followed by
washing three times with HBSS and imaged at the confocal microscope
after 5 min at room temperature.

Vestibular testing
All vestibular testing were conducted on mice between 4 and
10 months of age. Measurements of Emx2 cKO and Tmie cKO were
compared to littermate controls measured on the same day with various available genotypes such as cre+/−; Flox+/−, null+/−; Flox+/−, and Flox+/−.
Controls for vestibular testing analyses were combined controls from
both Emx2 cKO and Tmie cKO, unless indicated otherwise.
Rotarod test. Each mouse was placed on a motorized rotating rod
(ROTA ROD, Panlab, Harvard Apparatus) that gradually accelerated from
5 to 40 rpm in 5 min, and the time required for the mouse to fall off the
rotarod was scored. Each mouse underwent tests for three consecutive
days with 5 trials per day. First day was considered as the training day.
Averaged score for each day was processed for statistical analysis.
Balance beam test. Mice were subjected to traversing on two different
balance beams: a 70-cm long beam that was 12-mm wide and an 80-cm
long beam that was 6-mm wide. Beams were positioned at 80 cm
above ground with a dark box on one end and a harness underneath to
catch any mouse that might fall. The time it took a mouse to reach the
dark box from the opposite end of the beam was recorded. Mice were
scored as failed when they did not reach the endpoint within 2 min. On
the ﬁrst day of the trial, some mice including control mice failed. By the
second day of the trial, only one Emx2 cKO and one Tmie cKO failed to
reach the end point. Only times recorded on the second day were
quantiﬁed, not including the two mice that failed to reach the end
point within 2 min.
Forced swim test. Mice with an intact vestibular system swim at the
water surface whereas those with abnormal vestibular function either
swim in circles or rolling to one side or are unable to swim at the water
surface46,47. Swimming ability was tested in a round plastic tub of 20 cm
diameter ﬁlled with water up to 15 cm of height at a temperature of
24–26 °C. Each mouse was held by its tail and released into the tub
from a height of 5 cm, and its swimming ability was recorded for 1 min.
The duration a mouse spent trying to climb out of the water (vertical
position) was measured by analyzing recorded videos using the ForcedSwimScanTM 2.0 software (Clever Sys Inc). Schematic of the forced
swim set up and the climbing behavior of mice in water can be found
in https://www.semanticscholar.org/paper/High-speed-video-analysisof-laboratory-rats-in-Nie-Ishii/7070f70210f31b5e43832a70e0e
0c245a43f735c.
Open-ﬁeld test. The open ﬁeld test under red light was performed to
measure hyperactivity in mice. After adapting in the testing room for
10 min, individual mice were placed in an open arena of a 30 cm by
30 cm plexiglass chamber and behavior of each mouse was recorded
using an overhead camera for 30 min at 30 frames/s (EverFocus
EQ700, Taipei, Taiwan). Recordings of mouse behavior were analyzed
using Topscan software (3.0, Clever Sys Inc.), and distance traveled for
each mouse within a 5 min time period was used to determine
hyperactivity.
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Angular vestibular ocular reﬂex and optokinetic reﬂex. To quantify
the eye movements evoked by the aVOR, the turntable was sinusoidally rotated at frequencies of 0.2, 0.4, 0.8, 1, and 2 Hz with peak velocities of ±16°/s in both light and dark. To quantify the eye movements
evoked by the OKR, the turntable remained stationary while the visual
surround (vertical black and white stripes, visual angle width of 5°) was
sinusoidally rotated at frequencies of 0.2, 0.4, 0.8, 1, and 2 Hz with
peak velocities of ±16°/s. Recorded eye, head, and visual surround
movement signals were low-passed ﬁltered at 125 Hz and sampled at
1 kHz. Eye position data were differentiated to obtain velocity traces.
Cycles of data with quick phases were excluded from the analysis.
Least-square optimization determined the aVOR and OKR gains, and
phases plotted as mean ± standard error of the mean (SEM) against all
frequencies for all mice.
VsEP measurements. VsEP recordings were conducted according to
methods previously described48,49. Brieﬂy, an anesthetized mouse was
placed supine on a temperature-controlled heating pad to maintain
core body temperature at 37 °C, and its head was attached to a
mechanical shaker (Labworks Inc. ET 132-2, Costa Mesa, CA, USA) using
a custom noninvasive head clip. The mechanical shaker was used to
deliver linear jerk pulses to the head along the naso-occipital axis.
Subcutaneous recording electrodes were placed at the nuchal crest
(noninverting) and behind the left pinna (inverting). A ground electrode was placed at the right hip. Two hundred and ﬁfty-six linear
acceleration ramps with a 2-ms duration were delivered at a rate of 17
pulses per sec in either the positive (occipital towards nasal) or negative (nasal towards occipital) direction to stimulate the gravity receptor organs in the inner ear (saccule and utricle). Stimulus amplitude
ranged from +6 dB to −18 dB in 3 dB steps, re: 1.0 g/ms. Signal averaging was used to produce response waveforms at each stimulus level
for positive and negative directions as well as an average of both stimulus directions. The resulting waveform consisted of three positive
and negative peaks where the earliest response peak (P1–N1) reﬂects
the vestibular portion of the eighth nerve innervating the gravity
receptor organs50. Amplitudes representing the peak-to-peak magnitudes between the ﬁrst positive (P1) and negative (N1) response peaks
were measured in micro-volts (μV). The averaged VsEP response
represents averaging a total of 512 stimuli from both directions.
Threshold was deﬁned as the stimulus intensity (measured in dB, re:
1.0 g/ms) half-way between the minimum intensity producing a
response and the maximum intensity failing to produce a response51.

Statistical analysis
All statistics were conducted using Prism 7 (GraphPad Inc.) or R version
4.1.3. One-way analysis of variance (ANOVA), followed by Tukey’s
multiple comparison test or two-way ANOVA with post hoc Bonferroni’s test were conducted as indicated. Data are shown as average ±
SEM unless indicated otherwise. Data distribution was assumed to be
normal, but the distribution was not tested formally.
Multiple linear regression was used to analyze the dye labeling
results. To increase statistical power, we generated a new group variable “Region” by coding areas # 1, 4, and 7 as lateral regions, areas # 2,
5, and 8 as intermed_medial regions, and areas # 3, 6 and 9 as medial
regions (refer to schematic in Fig. 3e). The new group variable was used
in the analysis. A regression model was developed to examine the
effect of region and genotype on the relative cb signals. To justify the
use of linear regression model, we tested the assumptions with
regression diagnostics plots and gvlma (Global Validation of Linear
Models Assumptions)52 package in R. Sample size estimation was
conducted with a priori power analysis tool, G*Power version 3.1.9.653.
Power analysis showed that we had sufﬁcient sample size for multiple
linear regression. Outliers were identiﬁed with the diagnostics plots.
The outlier exclusion was on two-fold basis: First, the outliers need to
lie outside 1.5*IQR (Interquartile Range), as visualized in the box12
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whisker plot. Second, the outliers were inﬂuential datapoints identiﬁed
by Cook’s distance, which were at least greater than four times the
mean. After the removal of ﬁve outliers in Sox2CreER; RosaEmx2 data and
three outliers in Gﬁ1Cre; RosaEmx2 and PlpCreER; RosaEmx2 data, as well as the
addition of an interaction term Region*Genotype, all the assumptions
were satisﬁed, which include normal distribution and independence of
residuals, homoscedasticity, and linear relationship between dependent and independent variables. The model ﬁt has been improved
substantially. We have improved the adjusted R2 from 0.45 to 0.59 and
from 0.47 to 0.53 for the above-mentioned data.
Further comparisons between genotypes or regions were made
using the Kruskal–Wallis rank-sum test. Dunn’s pairwise comparisons
tests were used for post hoc procedure on each pair of groups.
Benjamini–Hochberg multiple testing correction was used to control
the false discovery rate. The coefﬁcient estimates are given with 95%
conﬁdence intervals (CI). p < 0.05 (two-sided) is considered statistically signiﬁcant. For the Gﬁ1Cre; TmieF/− and Emx2Cre; TmieF/− data, only
Kruskal–Wallis rank-sum test and Dunn’s pairwise comparisons were
conducted because the assumptions for linear regression model were
not met even after removal of outliers and the addition of an
interaction term.
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Supplementary figures and legends

2
3

Supplementary Figure 1. Projected cerebellum afferent neurons do not reach the

4

Emx2 KO saccule. (a,b) Labeling of a control (a) and Emx2 KO (b) saccule at E16.5

5

after neuronal tracing from the cerebellum (green) and brainstem (magenta) using

6

NeuroVue® Maroon and NeuroVue® Red lipophilic dyes, respectively. Dye tracing from

7

the cerebellum labels the inner region, whereas tracing from the brainstem labels the

8

outer region of the control saccule (a). In Emx2 KO (b), little labeling from the

9

cerebellum is evident and labeling from the brainstem is found across the entire

10

saccule. Asterisk indicates the inner region of Emx2 KO saccule, which is labeled with

11

dye from the brainstem. Control, n=3; Emx2 KO n=3. Scale bar=100µm (a,b).

1

12
13

Supplementary Figure 2. Neuronal fibers are present in the lateral region of Emx2

14

KO utricles. (a) Control and (b) Emx2 KO mouse utricles stained with anti-Myo7a

15

antibody for HCs (magenta) and anti-Tuj1 antibody for nerve fibers and neuronal cell

16

bodies (green). Comparable nerve fibers are found beneath the lateral region (between

17

white and yellow arrows) of both control (a’) and Emx2 KO (b’) utricles. White arrow

18

indicates the lateral edge of the raised striolar epithelium compared to the rest of the

19

sensory epithelium, and the yellow arrow indicates the lateral edge of the sensory

20

epithelium. Utricle (ut), lateral crista (lc). Control, n=5; Emx2 KO n=4. Scale bar=200 µm

21

in a and b, and 100 µm in a’ and b’.
2

22
23

Supplementary Figure 3. Increased apoptosis in the vestibular ganglion of Emx2

24

KO. Cryo-sections of controls (a - a’’’) and Emx2 KO (b - b’’’) inner ears at E17.5,

25

stained for apoptotic profiles using anti-active caspase 3 antibody (magenta) and
3

26

neuronal cell bodies and fibers (green) using anti-Tuj1 antibody. The vestibular ganglion

27

(white dotted outline) shows some apoptotic profiles in controls (a’-a’”, arrow) but many

28

more were observed in Emx2 KO ganglion (b’-b’”). Lateral crista (lc), utricle (ut). (c)

29

Quantification of apoptotic profiles in control and Emx2 KO vestibular ganglia between

30

E16.5 to E18.5. In boxplots, boxes represent the interquartile range (IQR), and the thick

31

lines inside show the median. Whiskers denote the lowest and highest values. Unpaired

32

t-test with two-sided, ***p = 4.77E-04 at E16.5, **p = 0.0012 at E17.5, ***p = 7.46E-05 at

33

E18.5: control, n=5, Emx2 KO, n=6; E17.5: control, n=6, Emx2 KO n=10; E18.5: control,

34

n=8, Emx2 KO, n=12. Scale bar=500 µm in a, applies to b; 50 µm in a’, applies to b’; 25

35

µm in a’’, applies to b’’. Source data are provided as a Source Data file.

36
37

4

38
39

Supplementary Figure 4. Dye-tracing of the four control samples used in dye

40

quantification. Dye-labeling in the utricle traced from the cerebellum (a-d) and

41

brainstem (a’-d’). Z-stacked confocal images from the three selected regions, anterior,

42

medial, and posterior (A, M, P, white dotted line, a’’-d’’) were used to quantify the dye

43

intensity. There are four control samples to show a similar dye tracing pattern in utricle

44

from three independent experiments. Orientation: L, lateral; P, posterior. Scale bar =

45

100 µm.

46

5

47
48

Supplementary Figure 5. Quantification of dye tracing in Tmie mutants. (a, b)

49

Relative cb signals in Gfi1Cre; TmieF/- and Emx2cre; TmieF/- (Tmie cKO) utricles at E16.5

50

(a) and P0 (b). (c, d) Kruskal-Wallis and Dunn’s tests for cb signals in both E16.5 and

51

P0. Overall, there was a significant difference between regions for any genotype in both

52

ages (Kruskal Wallis H(2) = 101.86, p < 2.2e-16). Dunn’s pairwise tests indicated the

53

significant differences were between lateral and intermed_medial or lateral and medial

54

(d). However, there was no significant differences in cb signals between controls and
6

55

mutants for any regions or ages (E16.5, Kruskal Wallis H(2) = 1.55, p = 0.46; P0,

56

Kruskal Wallis H(2) = 1.07, p = 0.59). In boxplots, boxes represent the interquartile

57

range (IQR), and the thick lines inside show the median. Whiskers denote the lowest

58

and highest values. TmieF/-, n=2; Gfi1cre; TmieF/-, n=2; Emx2cre; TmieF/-, n=3 at E16.5;

59

TmieF/-, n=3; Gfi1cre; TmieF/-, n=3, Emx2cre; TmieF/-, n=3 at P0. Source data are provided

60

as a Source Data file.

61
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62
63

Supplementary Figure 6. Absence of hyperactivity in both Emx2 cKO and Tmie

64

cKO mutants.

65

A box and whisker graph depicting the total distance traveled over a 5-minute period of

66

control (n=13), Emx2 cKO (n =15) and Tmie cKO (n =12) mice. In boxplots, boxes

67

represent the interquartile range (IQR), and the thick lines inside show the median.

68

Whiskers denote the lowest and highest values. No difference between controls and

69

mutants was observed (p = 0.1918 vs Emx2 cKO, p = 0.1019 vs Tmie cKO, one-way

70

ANOVA). Source data are provided as a Source Data file.
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71
72

Supplementary Figure 7. VOR and OKR gains are unchanged in Emx2 cKO. (a,b)

73

VOR in the dark gains and phases (mean ± SEM) were comparable in Emx2 cKO

74

versus controls across all tested frequencies. (c,d) As a control for non-vestibular

75

oculomotor function, we also examined the optokinetic reflex (OKR), which uses visual

76

signals to control eye motion, allowing tracking of a moving visual scene or objects.

77

OKR gains and phases (mean ± SEM) were comparable in Emx2 cKO versus controls

78

across all tested frequencies. (e,f) VOR gain was also quantified in a lit environment

79

(referred to as VORl), where VOR functions in concert with OKR. VORl gains and

80

phases (mean ± SEM) were comparable in Emx2 cKO versus controls across all tested

81

frequencies. Comparisons were two-way ANOVA with post hoc Bonferroni’s test with

82

all p > 0.05, N = 7 vs. 4 for Emx2 cKO vs. control, respectively. Source data are

83

provided as a Source Data file.

84
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85
86

Supplementary Figure 8. VOR and OKR gains are unchanged in Tmie cKO. (a,b)

87

VOR in the dark gains and phases (mean ± SEM) were comparable in Tmie cKO versus

88

controls across all tested frequencies. (c,d) OKR gains and phases (mean ± SEM) were

89

comparable in Tmie cKO versus controls across all tested frequencies. (e,f) VOR in the

90

light gains and phases (mean ± SEM) were comparable in Tmie cKO versus controls

91

across all tested frequencies. Comparisons were two-way ANOVA with post hoc

92

Bonferroni’s test with all p > 0.05, N = 8 vs. 3 for Tmie cKO vs. control (7 Tmie cKO vs. 3

93

control for VOR in dark conditions), respectively. Source data are provided as a Source

94

Data file.

95
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Supplementary note 1. Statistical analysis for dye-tracing results in Figure 3
a) Multiple linear regression results for Gfi1 Cre; Emx2 F/- data
Effect
(Intercept)
Lateral
Intermed_Medial
Medial
Control

Estimate

95% CI

S.E.

t value

P value

0.72
reference
-0.59
-0.67
reference

(0.62 ⎼ 0.81)

0.048

15.01

< 2E-16

(-0.73 ⎼ -0.46)
(-0.80 ⎼ -0.53)

0.068
0.068

-8.79
-9.85

1.5E-13
1.2E-15

0.054

(-0.069 ⎼ 0.18)

0.062

0.87

0.38

0.18

(0.0076 ⎼ 0.35)

0.087

2.08

0.041

0.031

(-0.14 ⎼ 0.20)

0.087

0.36

0.72

Gfi1 Cre; Emx2 F/Intermed_Medial:Gfi1
Medial:Gfi1 ; Emx2
Observations
Cre

R

; Emx2

Cre

F/-

F/-

90
0.76

2

0.75

Adjusted R 2
Residual Std. Error
F Statistic
p value

0.17 (df = 84)
53.08 (df = 5; 84)
< 2.2E-16

b) Kruskal-Wallis test and Dunn's pairwise comparisons
Kruskal-Wallis rank sum test
Relative CB signal over Regions
Kruskal Wallis H (2) = 57.54, p = 3.2E-13
Post-hoc Dunn's pairwise test of Controls
Comparison
Lateral - Intermed_Medial
Lateral - Medial
Intermed_Medial - Medial

Z
3.83
4.45
0.62

P.unadj
1.3E-04
8.5E-06
0.53

P.adj
2.6E-04
2.5E-05
0.53

Post-hoc Dunn's pairwise test of Gfi1 Cre; Emx2 F/- mutants
Comparison
Lateral - Intermed_Medial
Lateral - Medial
Intermed_Medial - Medial

Z
3.57
5.90
2.33

P.unadj
3.6E-04
3.6E-09
0.02

Kruskal-Wallis rank sum test
Relative CB signal over control and mutant Lateral regions
Kruskal Wallis H (1) = 1.21, p = 0.27
Relative CB signal over control and mutant Intermed_Medial regions
Kruskal Wallis H (1) = 9.82, p = 1.7E-03
Relative CB signal over control and mutant Medial regions
Kruskal Wallis H (1) = 2.37, p = 0.12

P.adj
7.1E-04
1.1E-08
0.02

Supplementary note 2. Statistical analysis for dye-tracing results in Figure 4
a) Multiple linear regresssion results for Sox2 CreER; Rosa Emx2 data
Effect
(Intercept)

Estimate

95% CI

S.E.

t value

P value

0.72

(0.62 ⎼ 0.81)

0.047

15.17

5.3E-28

reference

Lateral
Intermed_Medial

-0.59

(-0.73 ⎼ -0.46)

0.067

-8.89

2.2E-14

Medial

-0.67

(-0.80 ⎼ -0.53)

0.067

-9.95

9.4E-17

Control

reference
-0.23

(-0.36 ⎼ -0.11)

0.063

-3.65

0.00042

-0.27

(-0.40 ⎼ -0.14)

0.067

-4.01

0.00012

0.4

(0.22 ⎼ 0.58)

0.091

4.37

3.00E-05

0.32

(0.14 ⎼ 0.50)

0.091

3.54

0.0006

0.39

(0.20 ⎼ 0.58)

0.096

4.1

8.2E-05

(0.2 ⎼ 0.58)

0.095

4.1

7.1E-05

Sox2 CreER; Rosa Emx2 at E13.5
Sox2

CreER

; Rosa

Emx2

at E15.5
CreER

Emx2

; Rosa

Emx2

at E13.5

Intermed_Medial : Sox2

CreER

Emx2

Emx2

at E15.5

Intermed_Medial : Sox2
Medial : Sox2
Medial : Sox2
Observations

CreER

CreER

; Rosa

; Rosa
; Rosa

at E13.5
at E15.5

0.39

112
0.62

R2
Adjusted R

0.59

2

Residual Std. Error

F Statistic
p value

0.16 (df = 103)
21.1 (df = 8; 103)
< 2.2E-16

b) Kruskal-Wallis test and Dunn's pairwise comparisons
Kruskal-Wallis rank sum test
Relative CB signal over Regions
Kruskal Wallis H (2) = 45.40, p = 1.4E-10
Post-hoc Dunn's pairwise test of Controls
Z

P.unadj

P.adj

Lateral - Intermed_Medial
Lateral - Medial

3.83

1.3E-04

2.6E-04

4.45

8.5E-06

2.5E-05

Intermed_Medial - Medial

0.62

0.53

0.53

Comparison

Post-hoc Dunn's pairwise test of Sox2 CreER; Rosa Emx2 mutants at E13.5
Comparison

Z

P.unadj

P.adj

Lateral - Intermed_Medial
Lateral - Medial

1.21

0.23

0.23

3.07

2.2E-03

6.5E-03

Intermed_Medial - Medial

1.86

0.06

0.13

Post-hoc Dunn's pairwise test of Sox2 CreER; Rosa Emx2 mutants at E15.5
Comparison
Lateral - Intermed_Medial
Lateral - Medial

Z

P.unadj

P.adj

1.90

0.06

0.12

3.28

1.1E-03

3.2E-03

Intermed_Medial - Medial

1.38

0.17

0.17

Kruskal-Wallis rank sum test
Relative CB signal over E13.5 and E15.5 Lateral regions
Kruskal Wallis H (2) = 10.60, p = 5.0E-03
Relative CB signal over E13.5 and E15.5 Intermed_Medial regions
Kruskal Wallis H (2) = 9.60, p = 8.2E-03
Relative CB signal over E13.5 and E15.5 Medial regions
Kruskal Wallis H (2) = 6.58, p = 0.037
Dunn's pairwise test
Lateral region
Z

P.unadj

P.adj

at E13.5

2.59

0.010

0.015

Control - Sox2 CreER; Rosa Emx2 at E15.5

3.04

0.0023

7.0E-03

0.62

0.53

0.53

Comparison
Control - Sox2

Sox2

CreER

; Rosa

CreER

; Rosa

Emx2

Emx2

at E13.5 - E15.5

Intermed_Medial region
Z

P.unadj

P.adj

at E13.5

-3.00

2.7E-03

8.0E-03

at E15.5

-2.23

0.026

0.039

0.65

0.51

0.51

Z

P.unadj

P.adj

at E13.5

-2.49

0.013

0.038

at E15.5

-1.83

0.067

0.10

0.56

0.58

0.58

Comparison
Control - Sox2

CreER

Emx2

Control - Sox2

CreER

Emx2

CreER

Emx2

Sox2

; Rosa
; Rosa

; Rosa

at E13.5 - E15.5

Medial region
Comparison
Control - Sox2

CreER

Emx2

Control - Sox2

CreER

Emx2

CreER

Emx2

Sox2

; Rosa

; Rosa

; Rosa

at E13.5 - E15.5

Supplementary note 3. Statistical analysis for dye-tracing results in Figure 5
a) Multiple linear regression results for Gfi1 Cre; Rosa Emx2 and Plp CreER; Rosa Emx2 data

Estimate

Effect
(Intercept)
Lateral
Intermed_Medial
Medial
Control

95% CI

0.72
(0.61 ⎼ 0.83)
reference
-0.59
(-0.75 ⎼ -0.44)
-0.67
(-0.82 ⎼ -0.51)
reference

Gfi1 Cre; Rosa Emx2

S.E.

t value

P value

0.055

13.07

4.2E-28

0.078
0.078

-7.66
-8.57

1.0E-12
3.8E-15

-0.084

(-0.22 ⎼ 0.048)

0.067

-1.26

0.21

-0.081

(-0.21 ⎼ 0.047)

0.065

-1.25

0.21

0.46

(0.27 ⎼ 0.65)

0.095

4.84

2.8E-06

0.29

(0.10 ⎼ 0.48)

0.095

3.07

2.4E-03

0.27

(0.090 ⎼ 0.45)

0.092

2.95

3.6E-03

0.28

0.092

3.07

2.5E-03

Observations

(0.10 ⎼ 0.47)
195

R2

0.55

Plp

CreER

; Rosa

Emx2

Intermed_Medial : Gfi1
Medial : Gfi1

Cre

; Rosa

Intermed_Medial : Plp

Medial : Plp

CreER

Cre

; Rosa

Emx2

Emx2
CreER

; Rosa

; Rosa

Emx2

Emx2

Adjusted R
Residual Std. Error
F Statistic
p value

0.53

2

0.19 (df = 186)
27.9 (df = 8; 186)
< 2.2E-16

b) Kruskal-Wallis test and Dunn's pairwise comparisons
Kruskal-Wallis rank sum test
Relative CB signal over Regions
Kruskal Wallis H (2) = 74.16, p < 2.2e-16
Post-hoc Dunn's pairwise test of Controls
Comparison
Lateral - Intermed_Medial
Lateral - Medial
Intermed_Medial - Medial

Z
3.83
4.45
0.62

P.unadj
1.3E-04
8.5E-06
0.53

P.adj
2.6E-04
2.5E-05
0.53

Post-hoc Dunn's pairwise test of Gfi1 Cre; Rosa Emx2 mutants
Comparison
Lateral - Intermed_Medial
Lateral - Medial
Intermed_Medial - Medial

Z
1.70
4.94
3.23

P.unadj
0.09
7.9E-07
1.2E-03

Post-hoc Dunn's pairwise test of Plp CreER; Rosa Emx2 mutants

P.adj
0.09
2.4E-06
2.4E-03

Comparison
Lateral - Intermed_Medial
Lateral - Medial
Intermed_Medial - Medial

Z
4.29
4.96
0.67

P.unadj
1.8E-05
7.1E-07
0.51

P.adj
3.5E-05
2.1E-06
0.51

Kruskal-Wallis rank sum test
Relative CB signal over control and mutant Lateral regions
Kruskal Wallis H (2) = 1.00, p = 0.61
Relative CB signal over control and mutant Intermed_Medial regions
Kruskal Wallis H (2) = 20.16, p = 4.2E-05
Relative CB signal over control and mutant Medial regions
Kruskal Wallis H (2) = 14.13, p = 8.6E-04
Dunn's pairwise test
Lateral region
Comparison
Control - Gfi1

Cre

; Rosa

Emx2

Control - Plp

CreER

; Rosa

Gfi1

Emx2

- Plp

Cre

; Rosa

Emx2

CreER

; Rosa

Emx2

Z

P.unadj

P.adj

0.90

0.37

0.55

0.93

0.35

1.00

-0.0048

1.00

1.00

Z

P.unadj

P.adj

-4.45

8.5E-06

2.6E-05

-2.65

0.008

0.012

2.44

0.015

0.015

Z

P.unadj

P.adj

-3.37

7.5E-04

1.1E-03

-3.53

4.2E-04

1.3E-03

-0.05

0.96

0.96

Intermed_Medial region
Comparison
Control - Gfi1

Cre

; Rosa

Emx2

Control - Plp

CreER

; Rosa

Gfi1

Emx2

- Plp

Cre

; Rosa

Emx2

CreER

; Rosa

Emx2

Medial region
Comparison
Control - Gfi1

Cre

; Rosa

Emx2

Control - Plp

CreER

; Rosa

Gfi1

Emx2

- Plp

Cre

; Rosa

Emx2

CreER

; Rosa

Emx2
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REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):
This paper reports interesting and compelling data that enhance our understanding of how information
is encoded by the vestibular system. We use our vestibular system to sense head position as we move
through the world. Despite its critical importance, we still lack basic information about the logic of
circuit organization and function as information flows from the peripheral sensory organs (the maculae
and cristae) to the central nervous system (i.e. the vestibular nuclei and the cerebellum). For
example, in the utricular and saccular maculae, hair cells flip their orientation along a well-defined line
of polarity reversal (LPR), but the functional significance of this striking organization is not known.
This group previously showed that the transcription factor Emx2 is expressed on one side of the LPR
and required for flipping the orientation of hair cells in that region. Here, they use mouse genetics and
dye labeling to show how hair cells on either side of the LPR are innervated and how this organization
affects vestibular responses and behavior. By altering where they implant dye, they show that
vestibular ganglion neurons (VGNs) that innervate the lateral utricle and inner saccule send their
central axons to the cerebellum, whereas those that innervate the other side of the LPR project
instead to the brainstem, with little overlap (Fig. 1, 3). In Emx2 knock-out mice, there is reduced
innervation by the cerebellum-projecting VGNs and expanded innervation by brainstem-projecting
VGNs, a phenotype that is accompanied by increased cell death in the ganglion (Fig. 2, Supp Fig 1-3).
Then, they show that this segregation is less precise when Emx2 is removed from hair cells (Fig. 3,
Supp Fig 4) but that supporting cells likely contribute, since the neuronal phenotype is milder than the
full knockout and can be separated from effects on hair cell bundle orientation (Fig. 4-5, Supp Fig 5).
For instance, ectopic expression of Emx2 using PLP-CreER is sufficient to disrupt the innervation
pattern even in the absence of changes to hair cell bundle orientation (Fig. 5, Supp Fig 6). Finally, the
authors explore the functional implications of this organization both by preventing
mechanotransduction in hair cells that synapse with cerebellar-projecting VGNs (Fig. 6) and by flipping
hair cell orientation on that same side. This is a valuable comparison as in one case, one line of hair
cell communication is silenced (Tmie CKO) and in the other case, hair cells that would normally be
inhibited by a stimulus are now activated (Emx2 CKO). Neither mutant shows obvious vestibular
deficits and they can even perform the classic rotorod test quite well. However, the Tmie CKOs are
slower to make their way across a narrow balance beam, and both strains show changes in swimming
behavior (Fig. 7, Supp Fig 7, 8). Finally, vestibular evoked potentials (VsEPs) show predicted changes,
consistent with the idea that this physiological measure reflects the activity of neurons projecting to
the striola, which straddles the LPR (Fig. 8).
Overall, this is a thorough, high quality study. The findings are robustly quantified and supported with
multiple lines of evidence. I have only a few minor suggestions for improvement.
1. While the CKO mice provide strong evidence that Emx2 effects on neuronal innervation arise from
the sensory epithelium, I did wonder whether Emx2 is expressed elsewhere, such as the brainstem or
cerebellum. I did a few literature searches and couldn’t quickly come up with the information. It would
be helpful to add a bit more to help others to interpret the findings.
2. The Basescope in situ hybridization results are convincing, but it is a bit hard to see the signal. It
would be good to explain why this method was used (presumably because of the small size of the
deleted exon) for readers who might wonder.
3. The open field test results are mentioned but the data are not shown. It would be good to add as a
supplementary figure.
4. Please note whether the Sox2-CreER;Rosa-Emx2 mice show any behavioral deficits.
5. I appreciate how challenging it is to quantify dye labeling results, since one cannot control for the
degree of dye uptake. The method used makes sense overall and matches what is apparent
qualitatively. However, I was a bit confused by some of the results, such as the lack of significant
difference between control and Sox2CreER;Rosa-Emx2 in area #2 (Supp Fig. 5). I believe the authors
but would just like some explanation to help me understand the possible sources of variation. The

data would be better presented as raw data points in box and whisker plots rather than bar graphs
with error bars. Also, I would be interested to see the single channel images for at least one of the
dyes. It would also be good to get a sense of any variation in the degree of dye labeling. For instance,
if possible, single channel and merged images for all four controls could be shown, especially since it
seems that the same controls are used for all of the comparisons (this does seem less than ideal).
Finally, related to the dye labeling, I wondered whether the region of overlap indicated by asterisks in
Fig 1 would show up as quantitatively similar to the degree of overlap that occurs in the mutants. I
believe that that region is not included in any of the sampled areas, but if it is, please note.
Additionally, it would be good to comment briefly on how the lack of segregation in this region in
control animals might affect the overall model for how Emx2 acts in developing sensory cells to
influence the final connectivity of the VGNs.
6. Most of the dye labeling is done at E16.5, but it isn’t clear why this embryonic timepoint was
selected. In general, a bit more information about what is known about VGN innervation patterns and
their development could be added to the introduction. On a related note, a lot happens between E16.5
and four months of age, the earliest timepoint for the functional assays. It would be good to examine
at least one mature timepoint to see if the pattern seen at E16.5 is stable. In particular, I wondered
whether some of the observed lack of segregation could be caused by retention of extra branches that
might subsequently be pruned during subsequent synaptic refinement events.

Reviewer #2 (Remarks to the Author):
The manuscript by Ji et al. investigates the role of the transcription factor Emx2 in innervation
patterns and bidirectional sensitivity in the mouse utricular and saccular maculae. Previous studies
have shown that Emx2 expression demarcates the LPR and generates mirror-image hair cell
orientation across the LPR. Combining conditional Emx2 loss- and gain-of-function mutants,
retrograde tracing and behavioral analysis, the current study showed that Emx2 acts in both hair cells
(HC) and supporting cells (SC) in the sensory maculae to guide vestibular afferent projection to the
cerebellum, while the Emx2-negative sensory domain directs afferent projection to the brainstem.
Emx2-directed afferent projection is likely distinct from its cell-autonomous role in reversing hair cell
orientation. Moreover, by genetic ablation of hair cell mechanotransduction, it was shown that the
afferent projection patterns form independently of HC activity. Finally, HC and neuronal defects in
bidirectional sensitivity lead to subtle but unique behavioral defects.
Although the downstream effectors of Emx2 remain to be identified, this is a comprehensive study
that provides significant new insights into peripheral innervation of balance organs, differentiating the
contributions of Emx2, HC bi-orientation and HC activity. The data presented are largely convincing;
however, I have the following suggestions to further improve rigor:
1. Quantitative analysis of dye tracing data is key in establishing the role of Emx2 in vestibular
innervation. However, the statistical analysis used may not be the most appropriate. Specifically,
without normality tests, one-way ANOVA is not valid for the small sample sizes analyzed in all the
tracing experiments (n=2-6). A non-parametric test that makes no assumption about the distribution
of data, such as the Kolmogorov-Smirnov test, may be better at revealing regional innervation
differences between different genotypes. This would apply to data presented in Figures 3-6.
2. Several of the Cre lines used are also expressed in brain regions outside of inner ear, which could
confound phenotype interpretation, in terms of afferent projection and behavioral defects. For
example, Gfi1-Cre is expressed in the cerebellum, and the Cre allele results in Gfi haploinsufficiency. It
would be important to use Gfi-Cre/+ samples as “control” groups in experiments involving this Cre
driver.
3. Related to above, the Sox2creER and PlPcreER drivers are expressed in many types of glial cells

beside SCs in the sensory epithelia. For Emx2 overexpression experiments, a potential caveat is that
Emx2 overexpression in various brain regions affected central projection patterns of vestibular
afferents, contributing to the observed dye tracing defects. This is plausible because vestibular
afferents are normally sensitive to Emx2-mediated cues from the sensory maculae, and should be at
least discussed.
4. Dye tracing results in Figure 6 should be quantified.

Reviewer #3 (Remarks to the Author):
In this manuscript by Rae Ji et al the authors report the role that the transcription factor Emx2 plays
in guiding the innervation of the mouse utricle and saccule and the functional consequences of
disrupting afferent signaling to the cerebellum on vestibular function. Manuscript is centered upon an
anatomical organization of the vestibular maculae that is a line of polarity reversal separating hair
cells of opposite stereociliary bundle orientation. This line of reversal is correlated with the two major
streams of afferent innervation projecting to either the cerebellum or the hindbrain. The authors are
able to manipulate these parallel streams using two different mutants that selectively impact or
silence cerebellar projections. This is an interesting addition to growing body of work on Emx2 that
validates work in zebra fish showing that Emx2 coordinates innervation and bundle orientation in the
neuromast (see ref#19 but also Lozano-Ortega et al 2018), and reinforces the contemporary view that
information regarding linear acceleration is relayed from the maculae to the brain through parallel
afferent paths.
Comments (in no significant order):
This is a solid technical effort with fantastic Neurovue tracing images that illustrate the utility of these
tools far better than previous publications in which the dye labeling is heavily saturated
The combination of Emx2 CKO, Tmie CKO and vestibular behaviors demonstrate an overall focus on
vestibular circuitry yet the abstract and introduction largely emphasize bundle polarity and
bidirectional responses at the level of the hair cells. The authors should consider whether the unique
aspects fo their research are overshadowed by this structural organization. One could envision an
abstract that began … “The vestibular maculae are innervated by two parallel afferent projections to
the hindbrain and cerebellum which are coordinated with the line of polarity reversal. This innervation
is coordinated with bundle polarity but the significance is not known”
Writing styles differ between authors but one might argue that there is an unusually long summary of
results in the last paragraph of the introduction
Line 96: The statement that “vestibular afferents that project to the cerebellum is replaced by neurons
that projected to the brainstem in Emx2 knockouts” seems like an overstatement since these fibers
still appear present (albeit reduced) in Fig2D.
Background strains for Tmie CKO and Emx2 CKO mice are not stated. As a result it is unclear whether
it is appropriate for vestibular testing to combine control mice from these two different experimental
crosses
Line 168: The following interpretation of Emx2 KO data “Together, these results suggest that normal
Emx2 expression in the lateral utricle and inner saccule selects for neurons that project to the
cerebellum and inhibits neurons that project to the brainstem.” Is inconsistent with Emx2

overexpression data because neurons projecting to the brain stem are still present and therefore are
not subject to ‘inhibition’
Similarly in Discussion line 407 “it is equally likely that the exclusion of brainstem neurons is indirectly
mediated by neurons that normally project to the cerebellum.” It is hard to rationalize an exclusion
model when the manuscript contains experimental conditions in which neurons overlap.
The data reported as a CB:BS ratio does not appear to be an actual ratio (in which case one would
expect values greater than 1 in lateral regions). Instead these appears to report of percentage of
green pixels (which would be fine). Minor related point, the methods describes the ratio of green:red
whereas the figures are green:magenta
Lines 259-263 how is it that Plp1Cre is not appropriate to generate SC-specific Emx2 CKOs but is the
optimal choice for inducing SC-specific Emx2 overexpression?

August 8,2022
Reviewer #1
1. While the CKO mice provide strong evidence that Emx2 effects on neuronal innervation arise
from the sensory epithelium, I did wonder whether Emx2 is expressed elsewhere, such as the
brainstem or cerebellum. I did a few literature searches and couldn’t quickly come up with the
information. It would be helpful to add a bit more to help others to interpret the findings.
Based on the in situ hybridization and Emx2 cre reporter activity, we were not able to detect Emx2
expression in the vestibular ganglion between E11.5 to E16.5. Additionally, Emx2 was not reported
to be expressed in the brainstem and cerebellum (Zembrzycki et al, eLife 2015; Pellegrini et al,
Development, 1996;Lowenstein ED et al, FEBS J, 2022, Allen Brain atlas) in both embryonic and
adult ages. Even though these are not exhaustive expression analyses of Emx2, we feel the most
likely explanation for our results as they currently stand is that Emx2 expression in the sensory
epithelium is the primary mediator for establishing the cellular basis for the bidirectional sensitivity
function described. This working hypothesis has been added in the Discussion (P.22, line 458).
2. The Basescope in situ hybridization results are convincing, but it is a bit hard to see the signal. It would
be good to explain why this method was used (presumably because of the small size of the deleted exon) for
readers who might wonder.
This information has been added. See P.26, line 550 in the revised manuscript.
3. The open field test results are mentioned but the data are not shown. It would be good to add
as a supplementary figure.
This information has been added. See P.15, line 326 (Results) and P.28, line 607 (Materials and
Methods) in the revised manuscript.
4. Please note whether the Sox2-CreER;Rosa-Emx2 mice show any behavioral deficits.
The Sox2-creER; Rosa-Emx2 mutants showed severe phenotype in the brain and because of the
in utero tamoxifen we have never tried to investigate their viability postnatally. However, the
mildest gain-of-function mouse model with no apparent gross defects, Gfi1-CreER;Rosa-Emx2,
shows severe behavioral deficits, and they die around P20. In this mutant, the hair bundles are
reversed in all three cristae in addition to the loss of LPR in maculae (Jiang et al, 2017). This
information has now been added to P13, line 281.
5. I appreciate how challenging it is to quantify dye labeling results, since one cannot control for the degree
of dye uptake. The method used makes sense overall and matches what is apparent qualitatively. However, I
was a bit confused by some of the results, such as the lack of significant difference between control and
Sox2CreER;Rosa-Emx2 in area #2 (Supp Fig. 5). I believe the authors but would just like some explanation

to help me understand the possible sources of variation. The data would be better presented as raw data
points in box and whisker plots rather than bar graphs with error bars.
As mentioned above, we have brought in the expertise of a statistician to help us reanalyze our
dye-tracing results. We first used multiple linear regression to analyze the data presented in
Figures 3-5 because it is a powerful tool to estimate the relationship between response and
multiple explanatory variables. To increase statistical power, we generated a new group variable
“Region” by coding area # 1, 4 and 7 as Lateral region, area # 2, 5 and 8 as Intermed_Medial
region, and area # 3, 6 and 9 as Medial region. The new group variable was used in the analysis
and a regression model was developed to examine the effect of region and genotype on the
relative cb signal.
To calculate sample size for accurate estimation, we conducted a priori power analysis using
G*Power version 3.1.9.6. From our analyses, the estimated R2 would be about 0.6 for Figure 3,
and 0.5 for Figures 4 and 5. The residual variance (defined as 1-R2) would be 0.4 for Figure 3, and
0.5 for Figures 4 and 5. The power analysis based on F test indicated the required sample size to
achieve 70% power at a significance criterion of  = 0.05 for linear regression analysis of Figure 3
data was N = 80, for Figures 4 and 5 data was N = 105. We concluded from this analysis that we
have sufficient sample size for multiple linear regression analyses.
These regression diagnostics plots and validation testing showed that the assumptions of linear
model were satisfied, which included normal distribution and independence of residuals,
homoscedasticity, and linear relationship between dependent and independent variables. Then,
we applied the nonparametric method Kruskal-Wallis rank sum test to compare the relative cb
signal between different genotypes at different regions. Dunn’s multiple comparisons tests were
used for post hoc procedure on each pair of groups. These results are presented in box and
whisker plots in Figure 3 to 5 and the statistical analyses were summarized in legend of Figures 3
to 5 and their respective Supplementary Tables 1 to 3.
Previously, using one-way ANOVA analyses, we concluded that: 1) Emx2 cKO only has minor
neuronal segregation defects at the border where the two types of neurons normally segregate, 2)
gain of function of Emx2 in the sensory epithelium at E13.5 or E15.5 showed similar neuronal
perturbation phenotypes, and 3) gain of function of Emx2 in sensory hair cells was more effective
than gain of function of Emx2 in supporting cells. These conclusions are still valid after applying
the more appropriate statistical tools.
Also, I would be interested to see the single channel images for at least one of the dyes. It would also be
good to get a sense of any variation in the degree of dye labeling. For instance, if possible, single channel
and merged images for all four controls could be shown, especially since it seems that the same controls are
used for all of the comparisons
(this does seem less than ideal).
The impetus of comparing each mutant to the four combined controls allows us to compare effects
of different mutant groups. The single channel images of the four controls are now illustrated in
Supplementary Figure 4 of the revised manuscript. See P.10, line 196.
Finally, related to the dye labeling, I wondered whether the region of overlap indicated by asterisks in Fig 1
would show up as quantitatively similar to the degree of overlap that occurs in the mutants. I believe that
that region is not included in any of the sampled areas, but if it is, please note. Additionally, it would be
good to comment briefly on how the lack of segregation in this region in control animals might affect the
overall model for how Emx2 acts in developing sensory cells to influence the final connectivity of the VGNs.
Yes, the reviewer is correct that the region of dye overlap was not included in our analysis. We,
too, were puzzled at the potential function of a region that receives two different types of afferents.
Even though the overlap of dye label in the anterior region of the utricle has been described

previously (Maklad et al, 2010), this is a region where the afferents for the utricle and the anterior
and lateral cristae course underneath the sensory epithelium. These afferents could be easily
misinterpreted as dual labeling within the sensory epithelium. However, our careful examination of
selected z-stack images of the sensory epithelium showed predominant labeling of dye from the
cerebellum but also some dye labels from the brainstem within this anterior region. Whether this
dual labeling represents functional innervation from both type of afferents is not clear and will
require a more in-depth study in the future.
6. Most of the dye labeling is done at E16.5, but it isn’t clear why this embryonic timepoint was selected. In
general, a bit more information about what is known about VGN innervation patterns and their development
could be added to the introduction. On a related note, a lot happens between E16.5 and four months of age,
the earliest timepoint for the functional assays. It would be good to examine at least one mature timepoint to
see if the pattern seen at E16.5 is stable. In particular, I wondered whether some of the observed lack of
segregation could be caused by retention of extra branches that might subsequently be pruned during
subsequent synaptic refinement events.
Based on the published results by Bernd Fritzsch’s laboratory (Maklad et al, 2010), the neuronal
segregation pattern is established by E15.5 and remained as such at least at P21. Our wildtype
dye tracing results at E16.5 and P0 shown in Figure 6 also supported his results. Thus, the
specification of this neuronal patterning is a developmental event and the role of Emx2 in this
specification should be investigated early. Additionally, Emx2 KO mice die at birth, which
negates postnatal analysis. The developmental timing of this innervation pattern has now been
added to the introduction. See P.4, line 79.
Reviewer #2
1. Quantitative analysis of dye tracing data is key in establishing the role of Emx2 in vestibular
innervation. However, the statistical analysis used may not be the most appropriate. Specifically,
without normality tests, one-way ANOVA is not valid for the small sample sizes analyzed in all
the tracing experiments (n=2-6). A non-parametric test that makes no assumption about the
distribution of data, such as the Kolmogorov-Smirnov test, may be better at revealing regional
innervation differences between different genotypes. This would apply to data presented in
Figures 3-6.
Please refer to response #5 to Reviewer #1. We agree with the reviewer. We chose the nonparametric rank-based equivalent to one-way ANOVA, Kruskal-Wallis rank sum test with post-hoc
Dunn’s pairwise comparisons because we need to compare two or three genotypes between three
regions.
2. Several of the Cre lines used are also expressed in brain regions outside of inner ear, which
could confound phenotype interpretation, in terms of afferent projection and behavioral defects.
For example, Gfi1-Cre is expressed in the cerebellum, and the Cre allele results in Gfi
haploinsufficiency. It would be important to use Gfi-Cre/+ samples as “control” groups in
experiments involving this Cre driver.
Our preference for the choice of controls is always littermates of the conditional mutants in the
following order: 1) Gfi1cre/+; lox/+, 2) lox/- without the cre allele and, 3) lox/+ alone, which we
considered as wildtype. Unfortunately, using Gfi1cre/+; lox/+ alone as controls does not give us
enough sample size for statistical analyses.
Nevertheless, our use of two different cre lines (Emx2 cre and Gfi1 cre) and two different
approaches (changing bundle orientation versus loss of mechanotransduction) to generate the
bidirectional mutants, Emx2 cKO and Tmie cKO, gave us confidence in our conclusions. Also,

Emx2 is not known to be expressed in the cerebellum normally (see response to Reviewer #1, #1),
so the cerebellum is not a concern for the interpretation of Emx2 cKO results.

3. Related to above, the Sox2creER and PlPcreER drivers are expressed in many types of glial
cells beside SCs in the sensory epithelia. For Emx2 overexpression experiments, a potential
caveat is that Emx2 overexpression in various brain regions affected central projection patterns
of vestibular afferents, contributing to the observed dye tracing defects. This is plausible because
vestibular afferents are normally sensitive to Emx2-mediated cues from the sensory maculae, and should be
at least discussed.
We agree with the reviewer that the gain-of-function models can be difficult to interpret, and they
can only serve as supportive evidence for the knockout phenotype. We have included a
discussion of this limitation on P13, line 269.
4. Dye tracing results in Figure 6 should be quantified.
Dye-tracing results in Figure 6 have been quantified and those results are presented in
Supplementary Figure 5 of the revised manuscript. The assumptions for the linear regression were
not satisfied partially due to the relatively small sample size, but Kruskal-Wallis tests provided very
strong evidence of a difference (p < 2.2e-16) in the relative cb signal between at least one pair of
regions. Dunn’s pairwise tests were carried out for three pairs of regions for each age group and
genotype. While there was significant differences between Lateral and Intermed_Medial or Lateral
and Medial regions in each genotype, there was no significant difference in the relative cb signal
between controls and mutants at E16.5 (Kruskal-Wallis H(2) = 1.55, p = 0.46) or P0 (KruskalWallis H(2) = 1.07, p = 0.59) for any regions.

Reviewer #3
Reviewer #3 (Remarks to the Author):
1.The combination of Emx2 CKO, Tmie CKO and vestibular behaviors demonstrate an overall focus on
vestibular circuitry yet the abstract and introduction largely emphasize bundle polarity and bidirectional
responses at the level of the hair cells. The authors should consider whether the unique aspects fo their
research are overshadowed by this structural organization. One could envision an abstract that began …
“The vestibular maculae are innervated by two parallel afferent projections to the hindbrain and cerebellum
which are coordinated with the line of polarity reversal. This innervation is coordinated with bundle polarity
but the significance is not known”
We sincerely thank the reviewer for the suggestion, and we have revised the abstract accordingly.
2.Writing styles differ between authors but one might argue that there is an unusually long summary of
results in the last paragraph of the introduction
We have revised the last paragraph of the introduction.
3. Line 96: The statement that “vestibular afferents that project to the cerebellum is replaced by neurons that
projected to the brainstem in Emx2 knockouts” seems like an overstatement since these fibers still appear
present (albeit reduced) in Fig2D.
This sentence was removed from the shortened introduction.

4. Background strains for Tmie CKO and Emx2 CKO mice are not stated. As a result it is unclear whether it
is appropriate for vestibular testing to combine control mice from these two different experimental crosses.
Both Tmie cKO and Emx2 cKO are both on a mixed CD-1/C57BL6/129 background. This
information has been added to P.23, line 493. The controls were littermate controls selected with
preference for cre heterozygotes (see response to Reviewer 2, #2 above). The impetus of
combining the controls is to be able to compare the relative extent of phenotypes between the two
mutants. However, when we split up the two groups of mutants and their littermate controls, the
phenotypes on forced swim test and VsEP are the same (see graphs below).

5. Line 168: The following interpretation of Emx2 KO data “Together, these results suggest that normal
Emx2 expression in the lateral utricle and inner saccule selects for neurons that project to the cerebellum
and inhibits neurons that project to the brainstem.” Is inconsistent with Emx2 overexpression data because
neurons projecting to the brain stem are still present and therefore are not subject to ‘inhibition’
We understand the reviewer’s point of view but one could argue that the ectopic Emx2 in hair cells
or supporting cells is not sufficient to mediate full inhibition, unlike the endogenous Emx2 domain.
Nevertheless, we have revised this statement. See P.8, line 157.

6. Similarly in Discussion line 407 “it is equally likely that the exclusion of brainstem neurons is indirectly
mediated by neurons that normally project to the cerebellum.” It is hard to rationalize an exclusion model
when the manuscript contains experimental conditions in which neurons overlap.
Since there are different explanations for the afferent phenotype in Emx2 gain and loss of function
mutant, we decided to refrain from the speculation and simplify the discussion. See P.20, line
409.

7. The data reported as a CB:BS ratio does not appear to be an actual ratio (in which case one would expect
values greater than 1 in lateral regions). Instead these appears to report of percentage of green pixels
(which would be fine). Minor related point, the methods describes the ratio of green:red whereas the figures
are green:magenta
We thank the reviewer for catching this oversight, we have now reported the data as relative CB
signals, which is CB/(CB+BS) signals.
8. Lines 259-263 how is it that Plp1Cre is not appropriate to generate SC-specific Emx2 CKOs but is the
optimal choice for inducing SC-specific Emx2 overexpression?
The published paper on PlpcreER by Gomez-Casti et al (2010) showed good cre activity in
supporting cells of utricular sections. However, when we activated cre activity at E13.5 using
tamoxifen, the lateral region of the utricle did not show sufficient reporter activity in wholemount
preparations, whereas the medial region was fine (see figure below, n=3). Therefore, the
PlpcreER strain was only used for ectopic Emx2 expression and not conditional knockout.

In addition, we also tried using Gfap-cre line, which also was not effective based on the reporter
expression (see picture below, n= 2). We have clarified this point on P.10, line 215.

We hope you will find our revised manuscript in good order. We look forward to hearing from you!

Best regards,

Doris Wu, Ph.D

REVIEWERS' COMMENTS
Reviewer #1 (Remarks to the Author):
In response to the reviewers' suggestions, the authors have made a number of improvements to the
manuscript, including addition of clarifying statements and more appropriate statistical analysis and
display of dye labeling data. I am pleased with the final product, which is a compelling demonstration
of the circuitry and behavioral impact of the LPR in mice.

Reviewer #2 (Remarks to the Author):
The revised manuscript by Ji et al. has addressed all the concerns I raised previously. Overall, the
clarity and statistical rigor of the manuscript has greatly improved, and the findings that regional
Emx2 expression in the balance organs regulates afferent projection patterns are convincing and
interesting.
A very minor suggestion: for the linear regression analysis, it would be helpful to clarify 1) what is the
basis for excluding outliers (except for not fitting a linear model, they could actually reflect inherent
variability of the experimental data, e.g., variable Emx2 expression levels following TM induction); 2)
what is the interaction term added (p31, line 671), i.e, which variables are interacting.

Reviewer #3 (Remarks to the Author):
the authors have addressed all of my concerns and I leave the final decision in the hands of the
managing editor

Response to reviewer #2
A very minor suggestion: for the linear regression analysis, it would be helpful to clarify 1) what is the
basis for excluding outliers (except for not fitting a linear model, they could actually reflect inherent
variability of the experimental data, e.g., variable Emx2 expression levels following TM induction); 2)
what is the interaction term added (p31, line 671), i.e, which variables are interacting.

We thank the reviewer’s suggestion. The basis for excluding outliers was two-fold: First, the
outlier observations need to lie outside 1.5*IQR (Inter Quartile Range), i.e., the data points
outside the whiskers in the box plot in the figure below. (It indicated that these observations
were not representative of the intended study population, debatable due to small sample size)

Removed outliers

Second, these datapoints are influential outliers identified by large Cook’s distance. Cook’s
distance is a combination of each observations’ leverage and residual size. The influential
outliers could possess so much power to distort the model. In general, those observations that
have a Cook’s distance greater than 4 times the mean may be classified as influential.

The labeled data
points were moved
49

Revision:
Page 31, lin 669 (In previous version)

669 Outliers were identified with the diagnostics plots. After the removal of four outliers in
670 Sox2CreER; RosaEmx2 data and three outliers in Gfi1Cre; RosaEmx2 and PlpCreER; RosaEmx2
671 data, as well as the addition of an interaction term in the latter data, all the assumptions
672 were satisfied, which include normal distribution and independence of residuals,
673 homoscedasticity, and linear relationship between dependent and independent
674 variables.
Page 31, Line 673-683 (New statement)
Outliers were identified with the diagnostics plots. The outlier exclusion was on two-fold basis:
First, the outliers need to lie outside 1.5*IQR (Inter Quartile Range), as visualized in the boxwhisker plot. Second, the outliers were influential datapoints identified by Cook’s distance,
which were at least greater than four times the mean. After the removal of five outliers in
Sox2CreER; RosaEmx2 data and three outliers in Gfi1Cre; RosaEmx2 and PlpCreER; RosaEmx2 data, as well
as the addition of an interaction term Region*Genotype, all the assumptions were satisfied,
which include normal distribution and independence of residuals, homoscedasticity, and linear
relationship between dependent and independent variables. The model fit has been improved
substantially. We have improved the adjusted R2 from 0.45 to 0.59, and from 0.47 to 0.53 for
the above-mentioned data.
The interaction term that was added to the linear regression model for the Gfi1Cre; RosaEmx2 and
PlpCreER; RosaEmx2 data was Region*Genotype. The analysis found that the following terms were
significant and with positive coefficients (Supplementary Table 3):
Intermed_Medial : GfiCre; RosaEmx2
Intermed_Medial : PlpCreER; RosaEmx2
Medial : GfiCre; RosaEmx2
Medial : PlpCreER; RosaEmx2
It indicated that the increase of the cb signal in Gficre and PlpcreER strains compared to controls
only occurred in the intermed_medial and medial regions, but not in lateral region.
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First, the outliers need to lie outside 1.5*IQR (Inter Quartile Range), as visualized in the box-whisker plot. Second, the outliers were influential datapoints identified by
Cook’s distance, which were at least greater than four times the mean. '.

Replication

Replications are indicated in the Methods section and figure legend of each graph. All in situ hybridization results were reproducible and conducted at least twice.

Randomization

Pregnant females of the appropriate genotype were randomly selected and then collected for dye tracing. All mice for behavior were randomly selected based on the
litters a collected as they become available.

Blinding

During data collection for dye tracing, investigators were not blinded, because we performed dye tracing after genotyping of embryo samples. But after data collection, it
was blinded for analysis of dye intensity. However, data collection and analyses of behavioral tests of mice were blinded.
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ChlP-seq
Flow cytometry
MRI-based neuroimaging

Human research participants
Clinical data

Antibodies
Antibodies used

Validation

Primary antibodies of anti-βII spectrin (1:500; Cat #: 612562, BD Biosciences, San Jose, CA) and rat anti-tdTomato 16D7 (1:200; Cat #:
EST203, Kerafast, Boston, MA), mouse anti- beta-III tubulin (Tuj1) at 1:500 dilution (Cat #: MAB1195, R&D systems, Minneapolis, MN),
rabbit anti-cleaved caspase-3 D175 at 1:300 dilution (Cat #: 9661, Cell signaling, Danvers, MA) and rabbit polyclonal anti-Myosin7a at
1:1000 dilution (Cat #:
25-6790, Proteus Bioscience, Ramona, CA),
secondary antibodies (Goat anti-mouse IgG Alexa Fluor 488, Cat #: A11029 and Goat anti-rat IgG Alexa Flour 568, Cat #: A11077, Goat
anti-rabbit IgG Alexa Flour 568, Cat #: A21069, Thermo Fisher Scientific, Waltham, MA) at 1:1000 dilution

βII spectrin (https://www.bdbiosciences.com/en-fr/products/reagents/microscopy-imaging-reagents/immunofluorescence-reagents/purified-mouse-anti-spectrin-ii.612562), tdTomato
16D7 (https://www.kerafast.com/item/803/anti-tdtomato-16d7-antibody), beta-III tubulin (Tuj1) (https://www.rndsystems.com/products/neuron-specific-beta-iii-tubulin-antibodytuj-1_mab1195), cleaved caspase-3D175 (https://www.cellsignal.com/products/primary-antibodies/cleaved-caspase-3-asp175-antibody/9661), Myosin7a (https://www.labome.com/
product/Proteus-Biosciences/25-6790.html)
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Animals and other organisms
, Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research
Laboratory animals

The following mouse strains were used in the study: Emx2Cre (CD-1 background) from Shinichi Aizawa at RIKEN Center (RRID:IMSR_RBRC02272); Emx2flox (Emx2F)
(C57BL/6J/129 background) from Andreas Zembrzycki at the Salk Institute; Emx2+/- (mixed C57BL/6J and CD1 background) from Peter Gruss at the Max-Planck Institute
(RRID:IMSR_EM:00065); Gfi1Cre (CD-1 background) from Lin Gan at Augusta
University(PRID:MGI:4430258)22; Gfapcre (RRID: IRSR_JAX:004600), PlpCreER (RRID: IMSR_JAX:005975) and Rosa26tdTomato
(RRID:IMSR_JAX:007914) from Jackson Laboratory; Sox2CreER from Konrad Hochedlinger at Harvard University (RRID:IMSR_JAX:017593), and Tmie+/- and Tmieflox
(TmieF)(C57BL6J/129 background)from Ulrich Müller at Johns Hopkins University. We used adult mice from 4 to 10 months and utricle and saccule sample from E16.5
and P0 with both female and male.

Wild animals

not used

Field-collected samples

not used

Ethics oversight

All animal experiments were conducted under the approved NIH animal protocols at the NIH, University of Nebraska -Lincoln, Johns Hopkins
University and according to NIH animal user guidelines.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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